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Abstract
This thesis describes the growth o f sp2 carbon materials -  namely graphene and carbon 
nanotube (CNT) materials using a chemical vapour deposition (CVD) process. A  novel 
CVD process tool based on a photothermal process (PT-CVD) that differs from 
standard thermal CVD has been developed. This thesis reports the investigations into 
the properties o f  the deposited carbon nanomaterials and applications that exploit their 
electronic properties.
The first investigation is into the growth o f vertically aligned MWCNT forests. Growth 
o f CNTs at 370°C by a one-step PT-CVD method was demonstrated. The growth rate 
can reach - 1 . 3  pm/min, which is faster than most other reported thermal CVD 
methods. The use o f bimetallic catalyst (Fe/Ti) and the use o f rapid thermal process are 
the keys to this process. AFM topography studies showed that the fast top-down 
heating mode o f the PT-CVD leads to the formation o f a Fe/Ti uniform solid solution, 
which is believed to improve the CNT growth. These CNTs are composed o f  a few  
layer crystalline graphene sheets with a 5 -6  nm diameter. Raman scattering provides 
supporting evidence that the as-grown CNTs are o f high quality, better than some 
CNTs grown at higher temperatures by traditional CVD methods.
CVD growth o f graphene was investigated using Cu foils as substrate, with the field- 
effect in the graphene subsequently demonstrated by transferring it to a back-gate 
bottom contact transistor arrangement using poly-4-vinyl-phenol gate dielectric as an 
alternative to oxide based insulators. This graphene transistor showed a simple, 
inexpensive fabrication method that is completely compatible to large scale fabrication
o f organic devices, to demonstrate a field effect hole mobility o f 37 cm2/ Vs. Despite 
the mobility being lower than that found in exfoliated graphene, it demonstrates the 
potential o f a graphene based all carbon transistor for large area electronics.
The fabrication and electrical performance o f  a 3 terminal graphene device is further 
reported. This device displayed characteristics similar to a p-type graphene FET. While 
past investigations o f distortion and saturation in transfer characteristics o f  graphene 
FET indicated that metal-graphene interaction may be the controlling mechanism, this 
device operation is based on the design o f transferring graphene onto a Diamond-like- 
carbon DLC/p-Si heterostructure with Si as the back contact and with the DEC acting 
as the dielectric support in contact to graphene. Thus, this provided a mechanism for 
the DLC/p-Si heterojunction to moderate the I-V  characteristics o f this device, resulting 
in a p-type only conduction process in graphene that is also saturable.
Following the work on using conventional thermal CVD (T-CVD) for graphene 
growth, we demonstrated the possibility o f using the PT-CVD to develop a graphene 
growth process. It is found that the non-thermal equilibrium nature o f PT-CVD process 
resulted in a much shorter duration in both heating up and cooling down, thus allows 
the reduction o f the overall growth time for graphene. The choice o f performing growth 
on Ni also allows for the alleviation o f hydrogen blister damage that is commonly 
encountered during growth on Cu substrates. To characterize the film ’s electrical and 
optical properties, pristine PT-CVD grown graphene was used as the transparent 
electrode material in an organic photovoltaic devices (OPV) and is found to be 
comparable to that reported using pristine graphene prepared by conventional CVD.
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CHAPTER 1
Introduction
Carbon, the sixth element in the periodic table, is found in a wide variety of materials, 
ranging from biological DNA to diamonds. In recent times, carbon allotropes -  i.e. 
structures that consist only of carbon atoms, have been the subject of many scientific 
investigations. Among these carbon allotropes, two that have been intensely researched 
over the past few years are -  carbon nanotubes (CNTs) and graphene/graphite. The 
trend in numbers of published papers on this subject has seen a phenomenal rise over 
the past decade (as shown in Figure 1.1).
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Figure 1.1: Trend o f published literature related to CNT and graphene. Data 
assembled from Thomson Reuter’s web o f  science.
One of the appeals of sp2 carbon in terms of an electronic material has been the high 
charge mobility (in the thousands of cm2/Vs [1-2]), making it an attractive next
4
generation material beyond the present material o f choice -  silicon. Beside the potential 
o f sp2 carbon based transistors, sp2 carbon allotropes also exhibit other attractive 
material properties. For example CNT has also been identified as a potential candidate 
for next generation electrical interconnects replacing copper under the ITRS roadmap 
[3]. Graphene is also another potential candidate for transparent conductors replacing 
Indium-tin-oxide (ITO) due to its high optical transparency [4]. In the area o f  
optoelectronics, graphene has been investigated as an optical saturable absorbers [4], 
Moving away from electronic applications, CNT has also been used for mixing into 
plastic under injection moulding process to mechanically strengthen the plastics [5]. 
The large surface area o f these materials also makes it an ideal subject for hydrogen 
storage studies in the area o f fuel cell research [6],
Given the large amount o f interest in sp2 carbon allotropes, this work is mainly focused 
on the growth o f these carbon nano-materials and their electronic applications. The 
focus o f  this work is separated into CNT and graphene. Looking at the research into 
CNT interconnects, there are two important parameters to achieve -  first is to have a 
CMOS compatible temperature process, and second - to have a fast turnaround or fast 
growth time. Currently, CNTs with electronic properties suitable for interconnects are 
demonstrated above the temperature o f 600°C. However, this is still above the desired 
limit for industrial packaging, a back-end integrated circuit process o f  400°C or lower. 
Thus the aim o f this study is to achieve these two parameters in the CNT growth 
process using a rapid thermal process design.
In the area o f graphene, as seen from Figure 1.1, compared to the more established 
CNTs studies, investigations into graphene is a more recent phenomenon. While much 
has been achieved in this short period o f time and recognized in way o f the Nobel prize 
awarded in 2010, there are still several barriers to overcome in order to introduce 
graphene to more industrial applications. One such potential area is in the field o f  
organic electronics for large area device applications. Currently, most o f  the
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demonstrations o f graphene based field-effect transistor (GFET) are performed on very 
short channel devices as the graphene channel material is obtained through mechanical 
exfoliation technique on (kish) graphite -  a low yield process that produces graphene o f  
size in the order o f a few micron wide. The use o f a CVD based graphene growth 
process can overcome this shortcoming. The current reported studies in literature 
usually use standard thermal CVD processes. These processes tend to have a long 
processing turnaround time, thus limiting the through-put o f graphene production.
There are two primary objectives in the studies reported here. The first aim is to 
investigate the performance o f long channel GFET devices for large area electronics. 
One major advantage o f  a large channel GFET is the avoidance o f  the more expensive, 
complicated processes based on e-beam lithography. Investigations into the impact o f  
different dielectrics on the performance o f long channel GFETs are also explored. The 
second aim o f this graphene study is to explore the possibility o f  achieving CVD 
growth o f graphene with very short processing time yet still having comparable 
performance with graphene obtained with standard thermal CVD processes. Again the 
use o f a rapid thermal process design is explored. Furthermore, given the good 
conductivity and optical transparency o f graphene, the graphene produced via this rapid 
thermal process is explored by applying it to the area o f  organic photovoltaic devices -  
an area that has attracted much attention given the interest in green energy production.
This thesis is organized in the following manner. Chapter 2 is devoted to a review on 
the CNT and graphene in terms o f its structure, properties, and preparation/growth 
methods. Chapter 3, a review on the photothermal CVD (PT-CVD) growth tool and the 
various experimental techniques are discussed, especially on the theory and usage o f  
Raman spectroscopy for identifying sp2 carbon nanomaterials. Chapter 4 will present 
the work on low temperature, fast rate growth o f CNT using PT-CVD. The work on 
using conventional thermal CVD for growth o f graphene and its application in FET 
devices is discussed in Chapter 5 and extended to Chapter 6 where a graphene FET
6
device structure using diamond like carbon (DLC) gate dielectric is discussed. This 
device’s electrical behaviour is similar to a standard graphene FET but the underlying 
operating principle for this device is very different. In Chapter 7, PT-CVD is used for 
graphene growth and compared to conventional thermal CVD. The use o f  graphene as a 
transparent conductor for organic solar cell (OPV) is also discussed in this chapter. 
Finally the conclusion summarizing the work done so far is presented and future works 
is discussed.
7
CHAPTER 2
Review on Carbon Nanotube and Graphene
In this chapter, a literature review is presented on the various properties of carbon 
nanotubes (CNTs) and graphene. Furthermore, we also review the different techniques 
for growth and preparation of these carbon nanomaterials as reported in literature over 
the years. The synthesis techniques and conditions of nano-carbons dictates the 
macroscopic properties of the material and subsequently use in potential applications.
2.1 General overview of different carbon structures and properties
Figure 2.1: Schematic o f  (a) sp1, (b) sp2 and (c) sp3 hybrid orbital. The sp1 orbital has 
two o bonds and two n bonds. The sp2 orbital has three g bonds and single n bonds. The 
sp3 orbital has four a bonds [7].
Carbon can exist in many forms, with different chemical and physical properties. 
Individual carbon atoms have in total six electrons. In its ground state, the electrons 
occupy the Is2, 2s2, and 2p2 orbitals, thus allowing for sharing of two 2p electrons for 
covalent bond formation. However, due to the small energy difference between the 2s 
and 2p orbitals, it is energetically favourable to mix the energy levels of the 2s and 2p 
orbitals to form hybrid orbitals, and thus increase the number of electrons available for 
bond formation. Depending on the energetics involved in the local environment o f the 
carbon atom, a number of possible hybridisation can occur. Most commonly, these are
the sp1, sp2 and sp3 hybridisations. These result in linear, trigonal-planar and tetrahedral 
bond configuration respectively (Figure 2.1).
Table 2-1: Parameters o f  carbon materials in different hybridisation states and with 
different dimensions [8J.
Dimension 0-D 1-D 2-D 3-D
Ceo CNT Graphite Diamond
Hybridization Sp2 Sp3
Density (g/cm3) 7.72 7.2-2 2.2d 3.515
Bond length 1.4 7.44 7.42 1.54
Electronic
properties
Semiconductor, 
bandgap  ~
M etal or 
semiconductor
Semi-metal Insulator, 
bandgap ~5.47eV
Table 2.1, compiled by Saito et al. [8], shows some o f the physical parameters for these 
materials composed o f carbon isomers in different hybridisation states, and also, with 
different dimensions. Figure 2.2 shows the four respective structures o f these carbon 
allotropes.
Figure 2.2: Schematics o f  (top-left) diamond, (top-centre) graphite or multi-layer 
graphene and (top-right) Ceo respectively, The bottom shows a single wall CNT 
schematic [9J.
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Diamond (3-D carbon formation) was first mined in India over 4000 years ago, but the 
modem diamond era only began in 1866, when huge diamond deposits were discovered 
in Kimberley, South Africa, creating a rush among European prospectors [10]. Table
2.2 shows diamond’s physical properties.
Table 2.2: Some o f  the outstanding properties o f  diamond [10]
extreme mechanical hardness (ca. 90 GPa) and wear resistance 
highest bulk modulus (1.2 x 10 Nm' )  
room temperature thermal conductivity (2 x 10 Wm K  )  
thermal expansion coefficient at room temperature very low (Ix 10'6K)
Broad optical transparency from the deep ultraviolet to the fa r  infrared 
highest sound propagation velocity (17.5 kms' )  
very good electrical insulator (room temperature resistivity is ca. 1012 D  cm) 
Diamond can be doped, becoming a semiconductor with a wide bad gap o f  5.1 eV
very resistant to chemical corrosion
Graphite (2-D carbon formation) is also another well-known form o f  pure carbon. It is 
built from hexagonal planes o f carbon atoms. In an ideal graphite, these planes are 
stacked on top o f one another as shown below.
( « )  ( * )
Figure 2.3: Graphite lattice in (a) top and (b) side view, aj, %  and as span the unit 
cell o f  graphite [11].
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At present it is believed that macroscopic single crystals o f graphite most likely do not 
occur in nature. Highly oriented pyrolytic graphite (HOPG) is artificially grown 
graphite with an almost perfect alignment perpendicular to the carbon planes, along 
with the in-plane directions. HOPG can be regarded as consisting o f multiple layers o f  
graphene -  a monolayer graphitic sheet.
Figure 2.4: Rolling up o f  a graphene sheet into a SWCNT (from left to right) [12-13].
If one graphene sheet is roll up as shown above, a single-walled carbon nanotube 
(SWCNT) is obtained. If more than one sheet is rolled together into a concentric roll, a 
multi-walled carbon nanotube (MWCNT) is formed. Depending on the chirality, 
SWCNTs can be metallic or semiconducting. Many electronics applications o f  
SWCNTs, such as p-n junctions [14], molecular circuit interconnects [15], non-volatile 
memory elements [16], and single electron transistors (SETs) [17] have been reported 
in the literature.
2.2 Basic structure and atomic arrangement Carbon Nanotube
The electronic band structure o f SWCNTs depend on the manner a graphene layer is 
rolled to form the nanotube. A  chiral vector (C=na1+ma2) can be defined in terms o f
11
unit vectors a1 and a2 o f the graphene lattice helped to describe the different routes 
towards rolling graphene for obtaining CNT with different chiralities.
Figure 2.5: Relationship between a graphene sheet with SWCNT. Note the various 
definitions like chiral vector, nanotube axis T, symmetry vector R, and graphene unit 
cell vectors [8].
Following the explanation presented in [8], imagine first that a virtual circumference 
which passes through a carbon atom is drawn. If the nanotube was cut perpendicular to 
this circumference through the middle o f  the atom and laid commensurate with a 
graphene sheet, the circumference would then appear as a vector, called the chiral 
vector Ch in Figure 2-5. The ends o f the chiral vector must lie on atoms o f the same 
graphene sub-lattice. This allows the chiral vector to be expressed in terms o f the 
graphene primitive vectors as below:
Ch = n a l + m a 2 [2.1]
where n is positive integer and |m| < n.
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Figure 2-6 shows three types of SWCNTs: (a) armchair SWCNTs with indexes {n, n), 
(b) zigzag SWCNTs with indexes (rz,0) and (c) chiral SWCNTs with indexes {n, m) 
other than the previous two specifically symmetric indexes.
Chirality (i.e. wrapping of the graphene) determines the electronic properties of the 
nanotube [18]. SWCNTs where (n, m) is divisible by 3, are metallic with zero bandgap. 
In all other cases, the SWCNTs are semiconducting, with a bandgap that depends on 
the diameter [19]
2 ^ -  
d.
E g =  c~c [2.2]
where y0 is the C-C tight bonding overlap energy (~ 2.7 to 3eV), ac_c is the nearest 
neighbour C-C distance (0.142 nm) and dt is the diameter of the tube.
Armchair: n = m
Chiral: (it, m) miO
Figure 2.6: Chiralities o f  SWCNTs can be classified into three main groups - armchair 
(where n=m index), zigzag (which is semiconductor) and those that have non zero m 
index chirality (httv://www6. ufrss. br/lacer/gmn/nanotubosens. htm )
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Multi walled carbon nanotubes (MWCNTs) can exhibit a number of structural 
formations, for example, bamboo type, depending on the structures observed towards 
the ends of the tubes, as shown below (Figure 2.7).
I i>Osien
Figure 2 .7: Transmission electron microscopy (TEM) image o f  a bamboo type 
MWCNT -  seemingly like connecting tubes back to back [20],
5  n m
Figure 2.8: HRTEM image o f  the herringbone structure in CNFs with an ellipsoid 
catalyst located at its tip [21],
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Bamboo type MWCNTs are metallic in nature. This type o f growth creates pockets 
within the nanotube that is similar to that o f bamboo shoots. Another type o f 1-D 
carbon nanostructures are carbon nano fibres (CNFs). These exhibit a ‘herringbone’ 
arrangement o f the graphitic planes in Figure 2.8. In many cases, the literature does not 
distinguished CNTs from CNF’s, and both types are referred to as MWCNTs [22].
2.3 Carbon Nanotube: Growth apparatus and preparations
At present, the more commonly used techniques for production o f CNTs can be divided 
into three main classes:
• Laser ablation
•  Arc-discharge
• Chemical Vapour Deposition - CVD
2.3.1 Arc discharge method
The carbon arc discharge method, initially used for producing C^o fullerenes [8], is one 
o f the simplest methods to produce CNTs, as it comprises a relatively simple 
experimental setup. lijima and co-workers [9] first reported an arc discharge method 
with a cathode containing metal catalysts (cobalt, iron or nickel) mixed with graphite 
powder, resulted in the deposits containing CNTs.
Seen in the following schematic o f the arc-discharge system, CNTs are created through 
arc-vaporisation o f  a carbon rod placed end to end, and separated by approximately 1 
mm, in an enclosure that is often filled with an inert gas at low pressure. The product o f  
arc discharge requires further grinding and purification to separate the CNTs from the 
carbon soot and residual catalytic metals present in the product.
15
To Pump Gas inlet
k
C t
- Electrode
Window
Figure 2.9: Schematic o f  the arc discharge system. The graphite rods are set facing  
each other. An arc is generated through them fo r  CNT growth [8J.
2.3.2 Laser ablation
Gas inlet
He, Ar, Kr
Furnace
Water-cooled 
copper collector
Pulsed laser
Graphite target
To pump
Figure 2.10: Schematic o f  a laser ablation set-up fo r  CNT production. The laser 
incidents on the target (e.g. mixed composite o f  graphite and nickel/cobalt) and CNT is 
collected at the copper collector. The furnace is ~ 1200°C [7-8].
Feedthrough
Carbon rods I
-++
+ Electrode
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Smalley et al. were among the earliest to demonstrate the growth o f CNTs using laser 
ablation [23]. As shown in the schematic (Figure 2.10), CNT synthesis is typically 
carried out in a horizontal tube with a flow o f inert gas at a controlled pressure. The 
flow tube is heated to high temperature, around 1200°C by a furnace. Laser pulses enter 
the tube and strike a target (inside the tube as shown), consisting o f  a mixture o f  
graphite and a metal catalyst such as Co or Ni. As a result, CNTs condense from the 
laser plume and are deposited on a collector outside the furnace zone. Recently, 
Rummeli et al. [24] have demonstrated CNT growth in their investigations using a laser 
ablation experimental process with the furnace at room temperature instead o f  the high 
temperature as before.
2.3.3 Catalytic CVD methods
The catalytic CVD method is o f special importance because the equipment is 
compatible with current semiconductor technology (albeit for the higher process 
temperature requirement), and it can be easily sealed-up for production [25]. This 
method offers a potential for integrating with current processes in the fields o f  
electronics and optoelectronics as CVD processes are also commonly used in the 
industries for processes like thermal oxidation. Furthermore, CVD processes can allow  
large area growth on pre-pattemed catalysts supported on substrates [26].
The synthesis o f CNTs by CVD requires the presence o f a carbon feedstock. 
Commonly used carbon gas sources include methane, acetylene and carbon monoxide, 
alcohol and even carbon clusters like Cgo in the vapour phase. In an example o f a 
reported thermal CNT (T-CVD) growth [27], Fe^C  ^ catalyst was prepared by 
impregnating fumed alumina nanoparticles with a methanol solution containing 
FeÇNCyg.ÇFLO. After impregnation, the methanol solution was removed and the 
material heated at 150°C and a resulting FezOg/alumina catalyst was obtained. CH4 
fluxes were then passed through the quartz tube as the furnace was heated to 1000°C. A
17
schematic illustrating the idea of such a thermal CVD system is shown in Figure 
2.11 (top).
Furnace
Substrate
Gas flow X
MFC
Exhaust
CH, He
MFCMFC MFC
RP
M ass flow controller
Cut valve
Gas inlet
Chamber
Anode
Plasma
Substrate
Heater
Cathode
To pump
Figure 2.11: (top) Schematic o f  a thermal CVD setup fo r CNT growth and (bottom) 
schematic o f  a plasma enhanced CVD [7],
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Besides using thermal energy in CVD, it is also possible for an additional plasma 
energy source (DC, RF or Microwave) to be introduced to create different conditions 
for the growth process design (shown in Figure 2.11 (bottom)). This process is known 
as plasma-enhanced CVD (PECVD). It is important to note that despite the similarity 
shared by TCVD and PECVD, the chemistry between the two is quite distinct. In one 
reported finding, at 900°C, TCVD has only methane but a PECVD with 20% CH4 in 
H2, will contain higher stable hydrocarbons like acetylene and other radicals [28]. It has 
been proposed that lower (<500°C) temperature growth may be attributed to the 
presence o f  these species [25]. Furthermore, the application o f plasma has also been 
demonstrated to be crucial in promoting either horizontally aligned [29] or CNT growth 
with bending angles dependent on the direction o f the applied electric field [30].
A third configuration o f the CVD process uses laser as the thermal energy source in- 
place (or complement in some cases) o f the furnace. In typical applications, the laser is 
directed on the catalyst (which is pre-deposited on a substrate) with hydrocarbon gas 
passing over the surface to initiate the CVD process. The use o f laser CVD (TCVD) is 
o f potential technological importance, compared to the standard thermal CVD 
processes (T-CVD) because it has the potential to create patterns by selective exposure 
o f substrates to this pin-point energy source in comparison to a standard thermal CVD 
which heats up the entire sample. Some laser sources reported in literature are 
continuous laser sources using Ar-Ion, CO2 or Nd-YAG [31].
2.4 CNT Growth Model for CVD processes
In this thesis, we will concentrate on growth models that seek to explain the catalytic 
nature o f the carbon filament growth process since the growth process investigated are 
generally CVD in nature. One such theory [32] described a model based on the 
interaction between catalyst and gaseous carbon resulting in CNT growth.
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There are two types of growth models -  tip growth model which is so named as the 
catalyst is on the tip of the CNT, and base growth model which is where the catalyst is 
at the base of the CNT as shown below. Base growth is also sometimes referred to as 
root or extrusion growth.
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Figure 2.12: Illustrations o f  Base Growth (top) and Tip Growth (bottom) Mechanisms. 
Depending on the catalyst and its substrate interaction, one o f  the mechanisms would 
take place. In the top ha lf o f  the panel, a layer is thought to form  at the surface and 
lifted upwards to relief the built-up strain energy. For the bottom half o f  the panel, 
carbon species is thought to diffuse into the catalyst and lift the catalyst up [33].
Using thermodynamic studies of CNT/CNF growth via catalytic CVD system, Baker 
and co-workers proposed that the following steps happen in carbon filament growth: 
(1) adsorption and decomposition of hydrocarbon feedstock over the surface of the 
catalyst with the main driving forces of growth thought to be temperature and 
concentration gradients. This leads to (2) dissolution and diffusion of carbon species 
through the catalysts, (3) precipitation of carbon on the opposite surface of the catalysts 
to finally form a nanofibre/nanotube like structure. Depending on the interactions 
between the catalyst and its substrate support, tip growth or base growth would occur.
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The growth o f carbon filament stops when the catalysts are covered by a carbon 
formation on the surface o f the catalysts which prevents further decomposition o f the 
carbon source.
Since then, there has been much experimental and theoretical work done on refining 
and quantifying the model. One area o f investigation is the state o f the catalyst and the 
behaviour o f the carbon species during a CVD process. It is thought that the diffusion 
o f the carbon species at the surface o f  the catalyst will depend on its phase. Bulk 
melting temperature o f commonly used catalysts like Fe is ~  1530°C, and Cobalt melts 
at ~  1495°C while most reported CVD’s operating temperature are within 1000°C, 
implying a solid phase.
However nanoparticle sized Fe, due to its large surface energy resulted from a high 
surface to volume ratio will affect its physical properties among other parameters, thus 
leading to the possibility that the Fe nanoparticle is in liquid phase. Based on this 
possibility, a vapour liquid solid mechanism (VLS) can take place in which the carbon 
species dissolved and diffuse through the particles to form CNT/CNF structures [34]. 
The rate limiting step in the growth is thought to be carbon diffusion through the 
catalyst. In the case o f using Ni catalysts with C2H2, the activation energy is similar to 
that o f bulk diffusion through the catalyst [32, 35].
Recent investigation into tip growth has shown new insights. Using a time resolved 
atomic resolution in-situ TEM (shown in Figure 2.13), Helveg and co-workers [36] 
studied methane decomposition over Ni on MgA^C^. They found that as CNT forms, 
the Ni particle undergoes shape change, displaying a liquid like particle behaviour. 
Surface diffusion o f carbon over the Ni preceded the CNT growth. Stolojan and co­
workers [37] proposed that surface diffusion mechanism is the main driver o f  CNT 
growth under the CVD process. The creation o f metal-carbide compound (Ni in this 
case for the paper) most likely will enhance this effect as carbon is prevented from
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further diffusion into the catalyst. However the possibility of bulk diffusion phenomena 
is not excluded.
Figure 2.13: TEM sequencing images o f  a carbon nanotube growing with surface 
diffusions. Growth o f CNT was observed to have initiated at step edges o f  catalyst 
particles [36].
For base growth model, the Yarmulke mechanism is proposed [38] in which growth is 
driven by surface energy. As carbon species deposit on the catalyst, graphene is formed 
on the surface with edges bonded to the catalyst. It is proposed that total surface energy 
is decreased as graphite’s basal planes have low surface energy. The graphene is lifted 
upwards from the energy that is generated by relaxation of the strain energy built up in 
the graphene. Base growth process tended to be observed in SWCNT, and it is thought 
that with the catalysts stuck to the substrate, generally it would be more difficult to find 
these nano-particles in TEM imaging. Shown in Figure 2.14 is a collection of TEM 
images that showed various CNT samples that exhibited the base-growth phenomena 
[39].
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Figure 2.14: Collections o f  TEM images (a to f)  showing various CNT growths with the 
discrete nano-particles/catalysts (which were residing on a membrane) at the bottom o f  
the carbon nano tubes. The bar scale is 10 nm [39].
2.5 Catalyst preparation for CNT growth under CVD
Given the importance of catalysts’ role in the growth of CNT under CVD, an 
exceedingly large variety of preparation methods have been reported in the literature. In 
this section, we segregated the various preparation methods into three main categories.
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Regardless o f the preparation methods used, the aim is to be able to control the 
resultant nanoparticles’ size distribution as there is a correlation between size and 
CNT’s diameter [38]. Also o f  importance is the chemical composition o f the resultant 
nanoparticles after preparation. For example, a bimetallic alloy like Mo-Co seems to 
result more favourably towards SWCNT growth than they would be as individual 
catalysts [40].
2.5.1 Floating catalyst approach
In this method, a stream o f catalyst particles is constantly injected into the gas 
mixture/feedstock. Metallocene is a very popular form o f catalysts employed in this 
technique, two commonly used metallocenes are ferreocene and nicklocene [41].
2.5.2 Solution based catalyst approach
Spin-coating/drop-casting or immersion into a solution containing the necessary 
catalyst for CNT growth is also another popular method reported in literature. An 
example o f such a procedure [42] is to submerge a 500nm SiC^/Si wafer into a freshly 
mixed aqueous hydroxylamine and FeClg -  (FeClg.ôKhO + NH2OH.HCI + double 
distilled water) leading to spontaneous deposition o f Fe nanoparticles on the wafer.
2.5.3 Physical deposition approach
Metal can be deposited using evaporation or sputtering onto a substrate. The metal, 
deposited at room temperature, will generally be an amorphous and smooth film on the 
surface o f  the substrate. Upon thermal annealing, an ‘equilibrium’ shape may be 
reached. Based on surface energies, this ‘equilibrium’ shape can be classified into 
Volmer-Weber growth [43] for non-wetting (I) and wetting (II), and layer-growth (III).
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Figure 2.15: Volmer-Weber growth fo r  non-wetting (I) and wetting (II), and layer- 
growth (III). Young’s equation describes the contact shape: / a =  Xab  + / bCOS0 where y  
is the corresponding interfacial energy. For CNT growth using CVD system, dewetting 
o f  catalyst is desired [43].
Deposition o f a thick catalyst film tends to result in large diameter particles. Higher 
temperatures and longer annealing times will also produce larger-size particles. One 
explanation is that the higher annealing temperature imparts higher energy to the 
particles. Therefore, these particles are allowed to move more aggressively to meet 
other particles and subsequently recombine to a larger size particle. Longer annealing 
time period results also produce similar output because it increases the chances for 
particles to meet each other as they can travel longer distances on the substrates during 
annealing. Thus by optimizing the thermal annealing time period and temperature, the 
size o f the metallic catalysts can be controlled directly.
Besides the above considerations, interaction between the deposited metal catalysts and 
its supporting substrate can also affect the growth and yield o f CNTs [40]. For 
example, Homma et al. observed the formation o f iron silicide by annealing iron 
catalysts on silicon wafers in a methane atmosphere [44].
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aFigure 2.16: TEM image o f  catalyst after annealed with methane with the 
corresponding silicide diffraction patterns, (a) shows Fe nanoparticles after annealing 
at 1000 °C and (b) shows Co nanoparticles after annealing at 950° C [44].
On a substrate such as silicon wafer, the use of an interlayer such as aluminum, 
aluminum oxide and silicon oxide can minimize such reactions between the catalyst 
metals and the silicon wafer [40]. Furthermore, the introduction of such an interlayer 
usually resulted in smaller catalyst particles size which can be attributed to chemical or 
physical interaction s between the catalyst and interlayer. Physical interactions - van 
der Waals electrostatic force and surface roughness help to reduce the thermally driven 
diffusion of metal particles on the support surface. Under chemical interactions, 
negative charges migrate into the metal catalyst from the substrate, which in turns 
enhances its catalytic activity by strengthening back donation of electron density into 
anti-bonding orbitals of the absorbate [45]. The result of this electron sharing between 
catalyst and absorbate will weaken the bonding within the absorbate and resulted in its 
dissociation. All these resulted in the catalyst particle size being stabilized during the 
growth process. In the work reported in this thesis, the preparation of the metal 
catalysts for CNT growth was performed using the physical deposition method.
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2.6 Graphene -  properties and structure
In this section, a literature review on the current status o f graphene and its relationship 
to graphite is presented. As mentioned before, graphene is a hexagonal monolayer o f  
carbon atoms which when rolled up will result in 1-D SWCNT. This monolayer sheet 
o f carbon can also be wrapped into 0-D fullerenes. Theoretical studies o f graphene 
dated as early as 50 years back [46-47]. The band structure o f graphite exhibited linear 
E-k relation for low energies near the six comers o f the 2-D hexagonal Brillouin 
zone[2, 46].
2.6.1 Charge transport in graphene and its electronic devices
The earliest demonstration o f graphene based electronic device was a back-gate field 
effect (FET) transistor [48], and was subsequently widely used to investigate the 
electronic properties o f graphene due to the relative ease o f the fabrication [49-50]. The 
appeal o f fabricating graphene into a FET structure is that it allows the charge transport 
properties to be determined via electrical measurements while subjected to various 
effects like electric or magnetic fields. Since then graphene FET has moved from the 
domain o f condensed physics into electronic device community as it is seen to have the 
potential to replace silicon based FET [51]. The most conveniently fabricated FET 
structure uses Si as the back gate for gate voltage sweeping, SiOi as the gate dielectric, 
and with the graphene, obtained via the ‘scrotch tape’ technique, as the channel 
material.
One o f the most widely investigated properties o f graphene is its high charge transport 
mobility [52]. The conductivity o f  graphene was found to be carrier-density dependent, 
which implied it could be tuned via an electric field gating (i.e. applying a voltage to 
the gate) through the SiOz layer [48-49]. Subsequent reports showed that the choice o f  
different dielectric layers as well as the choice o f  top or bottom gate FET configuration 
can also strongly influence the charge mobility o f graphene [53-54]. A general feature
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of the transport characteristic of graphene, shown in figure below, shows that the 
conductivity is in principle symmetrical, ambipolar and linear in carrier density [49]. At 
higher applied gate voltage, the conductivity is often found to be slightly sublinear in 
carrier density for high mobility samples [55].
V V ( V }
Figure 2.17: Conductivity o f  graphene as shows above dependence on the applied back 
gate voltage. The FET device was fabricated on a heavily doped silicon substrate with 
a thin layer o f  silicon dioxide as the gate dielectric [50].
One salient feature as observed from the above mentioned FET experiments indicated 
that at low carrier density, the conductivity of graphene does not go to zero at the 
transition between electron and hole conduction. Instead a range of minimum values 
were reported. In some of the published data, this minimum conductivity was reported
to be very close, « 4—  [49, 56], which was deemed to be the universal value for
h
massless Dirac fermions. Others reported a wider range of the distribution of the 
minimum conductivity [55] as seen in Figure 2.18.
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Figure 2.18: The “universal” minimum conductivity (or maximum resistivity) as 
reported, (a) the figure is from  [49] and (b) the figure is from  [56], c) a range o f  
minimum conductivity reportedfrom  [57].
It is found that charge transport mobility and graphene’s minimum conductance are 
influenced by factors like charge impurities [52, 58-59], vacancy defects [60], 
corrugation o f the graphene sheet [61] and phonon scattering [62-63]. Chen et al. 
reasoned that individually, each factor k will contribute to a minimum conductance, G*.
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Thus summing these contributing factors will give the final overall minimum 
conductance, Gj [55].
While the investigations into the existence o f  a limit in the minimum conductivity o f  
graphene under vanishing charge carrier density continues [2, 56], there has been a 
marked increase in number o f reports that are more application orientated. In these 
reports, various graphene electronic devices were investigated. They ranged from high 
frequency range graphene transistors [53, 64], using the ambipolar transport behaviour 
o f graphene to create novel frequency multipliers [65], polarity controlled logic inverter 
[66] to a single logic device that accepts multiple inputs [67].
Besides graphene’s excellent conductivity, it was also observed that a free standing 
graphene will have a good optical transparency. The optical transmittance o f a free 
standing graphene can be estimated by applying Fresnel equation and assuming that the 
optical conductance as shown below [4] :
r  = ( i + ^ ) - 2 [2.3]
=  1 -  7 ia
= 6 x l0 " 5
e1 e1 G
where G o -  —  and a  = ------------ = ------  —
4/z \ n e c h  n e  go
Note c is speed o f  light, s 0 is permitivity o f  free space
Note that here G0 is defined as the universal optical conductance [68]. This implies a 
theoretical estimate o f 2.3% absorption over the visible spectrum. Thus this 
combination o f good transparency and good conductivity has led graphene to be a 
potential candidate to replace current transparent conductor like Indium tin oxide (ITO) 
[4, 69]. Furthermore, given the flexible yet robust nature o f  the graphene film [70] may 
also provide another alternative in the field o f  flexible displays.
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Figure 2.19: Optical transmittance versus sheet resistance for different transparent 
conductors as shown in the legend. The shaded area enclosed by limiting lines fo r  
graphene calculated using various n and p values in equation 2.4 below. X-axis 
represents the sheet resistance (ohms per square). From [4].
Figure 2.19 [4] above summarised the current status of graphene as a transparent 
conductor in comparison to other competitive technologies like ITO, Ag wire mesh and 
percolation network of single wall CNT film. Bonaccorso et al., [4] proposed that a 
relationship (equation 2.4) between optical transmittance (T) and sheet resistance (Rs) 
may act as a basic ideal guideline for the trade-off between the two above parameters:
r  = ( i + — 2 _ f C )  p .4 ]
s oc 2R s njtie
where c is speed o f  light,
n is charge density in graphene
p  is charge m obility in graphene
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Note that when n, charge density, is zero, n|ue is equated to the fundamental limit G0 as 
defined in equation 2.3, which sets the minimum optical conductance possible in 
graphene [4, 68].
From equation 2.4, an ideal intrinsic sheet resistance of graphene may be approximated 
~ 6 kG/m, with an optical transmittance of ~ 97%. Thus this implies that graphene is 
only superior to ITO in terms of transmittance, not sheet resistance. However by 
chemically doping graphene intentionally, Bae and co-workers [71] reported 20 O /d 
with an optical transmittance of 90%. Thus it seems that chemically doping graphene is 
one major route to improve sheet resistance while keeping the optical transmittance at 
the optimal.
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Figure 2.20: Summary o f  graphene’s optical transmittance versus sheet resistance as 
reported in literature. The results were grouped accordingly how the graphene fdm s  
were prepared. The legend ‘graphene calculated’ refers to the calculated values using 
equation 2.2 with the stated n and p values. Legend: RGO - reduced graphene oxide, 
MC -  mechanical cleavage, PAH - polyaromatic hydrocarbons, CVD -  chemical 
vapour deposition and LPE - liquid-phase exfoliation o f  pristine graphene. Figure is 
obtained from  [4J.
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Figure 2.20 [4] above summarised the current status o f graphene’s transittance versus
sheet resistance as reported in the literature. As seen, at present CVD prepared 
graphene film has a better reported performance than other methods
Following the above discussion on the electronic and optical properties o f graphene, the 
next section will discussed the various preparation methods reported in literature for 
graphene at length, with relevant discussions on the different models which postulate 
the formation o f graphene under different conditions.
2.6.2 Current status of graphene FETs
A FET basically consists o f a gate (which is separated from the channel by a barrier), a 
channel region and the connecting source/drain electrodes (Figure 2.21a). The basic 
idea o f  operation is to control the channel conductivity, and thus the drain current, by a 
voltage, VGS, applied between the gate and source.
Figure 2.21: a) standard FET design using a Si MOSFET as illustration. A conducting 
channel is form ed when the voltage applied between the source and gate electrodes 
exceeds a threshold voltage. Channel length is defined by the length o f  the gate 
electrode, b) FET transfer characteristics showing drain current (Id ) (on a logarithmic 
scale on the left and a linear scale on the right) versus the gate-source voltage, Vos- 
The transistor is switched ON when Vos is equal to the maximum voltage supplied to 
the device, Vdd- Above threshold, the relationship between the change in drain current 
fo r  a given change in Vqs is called the transconductance. Figures from  [72].
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To improve the response o f FETs, short gates and fast channel materials are often used. 
However short gate suffers from degraded electrostatics and other problems (i.e. short 
channel short channel effects) [73]. Scaling theory predicts that a FET with a thin 
barrier and a thin gate-controlled region will be robust down to very short gate lengths 
[74]. Thus channels that are one atomic layer thick represent the limit o f this scaling 
which is why graphene is so attractive.
As mentioned earlier, graphene is a semi-metal or semiconductor with zero bandgap. 
This has often been cited as a major factor in the poor ON-OFF ratio (i.e. the current 
flow cannot be switched-off) o f standard FET design using a single layer graphene [75- 
77]. The highest ON-OFF reported in GFET is ~  100 [78], a few order o f  magnitude 
smaller than Si CMOS FETs. This meant that the usefulness o f using graphene in a 
standard FET design for digital applications may be limited unless a bandgap can be 
created that is > 0.5 eV at room temperature [51]. While a bandgap in graphene has 
been demonstrated through the use o f  bilayer ABA stacked graphene [79] and graphene 
nanoribbon (GNR) [80], these devices posed serious challenges [51] in terms o f  nano­
fabrications o f GNRs and relatively small bandgap for bilayer GFET (~ 0.2 eV). It 
should be noted that alternative strategies to the opening o f a bandgap in graphene had 
also been reported in the literature, and will be discussed in the following chapters.
Beyond the exploring o f  GFET in digital logic applications, the research on graphene 
transistors has also moved into the area o f RF devices. In RF devices, it has been 
argued that the high speed and low noise are more important than the turning-off o f  the 
FET [51,81].
Two important factors in a RF device are the cut-off frequency f r  which is defined as 
the frequency at which the device current gain drops to unity, and the maximum 
frequency o f oscillation/^* as the frequency which the power gain becomes unity [82]. 
The recent progress in GFETs, as measured by fa  against other semiconductor devices, 
is shown below (Figure 2.22a).
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Figure 2.22: a) comparing cut-off frequencies fo r  different FETs. Cut-off frequency 
versus gate length fo r graphene MOSFETs, nanotube FETs and three types o f  
radiofrequency FET; the symbols are experimental data points and the lines are a 
guide to the eye fo r type A (InP HEMT and GaAs mHEMT), B (Si MOSFET) and C 
(GaAs pHEMT) devices (as indicated). The FET A with the highest cut-off frequency 
(660 GHz) is a GaAs metamorphic HEMT (mHEMT) with a 20-nm gate. The FET B 
with the highest cut-off frequency (485 GHz) is a Si MOSFET with a 29-nm gate. The 
FET C with the highest cut-off frequency (152 GHz) is a GaAs pseudomorphic HEMT 
(pHEMT) with a 100-nm gate. The fastest nanotube device (CNT-FET) has f r  = 80 GHz 
and L = 300 nm, and the fastest reported graphene MOSFET has f r  = 100 GHz and L 
= 240 nm. Figure from [51]; b) Comparison o f  reported RF GFET against other 
semiconductor RF FETs in terms o f  the maximum frequency o f  oscillation as a function 
o f cut-offfrequency. Figure from [83].
Figure 2.22b showed the research progress in RF GFETs in the past few years. 
Currently, the fastest reported GFET has the cut-off frequency of 170 GHz with 90 nm 
channel length [84]. For perspective, cut-off frequency of around 600 GHz has been 
reported in GaAs metamorphic high electron mobility transistor with a 20 nm gate and 
in InP based high electron mobility transistor [51, 83].
Despite the progress in RF GFETs, they are still outperformed by InP and GaAs 
mHEMTs. While GFETs show quite high cut-off frequencies, when one examined the 
other important parameter - maximum frequency of oscillation (fmax), GFET is often 
lower much lower. For example, GFET [83] reported to having f T o f 155 GHz, but f max 
~ 10 GHz, a much smaller value. Since f max basically indicates the transmitted power
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(I2R) possible in a RF FET device [82], unless there is improvement in both fy  andfmax, 
GFET will not have an advantage over current RF semiconductor devices made from 
GaAs and InP.
2.7 Graphene: growth and preparation methods
At present, the following four routes are the most commonly found methods for 
production o f graphene:
■ Graphene by mechanical exfoliation
■ Graphene by chemical methods
■ Graphene by sublimation o f SiC
■ Graphene by expitaxial growth on metal
_r
2.7.1 Graphene by mechanical exfoliation
Geim and co-workers first reported the production o f graphene via the mechanical 
exfoliation[49]. Since in a material like graphite where the out-of-plane (perpendicular) 
force is weaker (i.e. van der Waals bonding) compared to the in-plane atomic bonding, 
it is possible to cleave the graphene sheets along the in plane direction. This simple 
‘scrotch-tape’ idea has evolved into is illustrated in the following diagram (as shown in 
Figure 2.23). First a piece o f graphite is placed onto a wafer tape (green in colour as 
shown in diagram), followed by laying another piece o f  tape onto graphite and cleaving 
it. A  few iterations o f these actions will produce a thin graphite piece on one o f the 
tapes, which in turn will be pressed and rubbed thoroughly onto a SiOa wafer. The end 
result is that a single or few layer o f graphene will have adhered onto the SiOi surface.
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Figure 2.23: Steps (a) to (d) in mechanical exfoliation o f single and few layer o f  
graphene from graphite using wafer tapes for cleaving and transferring the graphene 
onto a Si02 wafer (shown in blue colour) by pressing and rubbing actions. Green 
represents graphite and blue represents the targeted substrate.
While the above method is sufficient for scientific investigation, it is far from ideal for 
scaling up to higher production volume. To date, there have been reports in literature on 
investigations into adapting the above method to industrial scale production. One such 
method is the transfer printing idea [85] by using a SiOz mould or stamp to press onto a 
graphite substrate (HOPG) and then re-stamping the mould to deposit the graphitic 
layer(s), which has stuck to the mould’s face, onto a pre-selected substrate target. 
Alternatively, instead o f using a SiOz as a stamping mould, HOPG can be moulded into 
a stamp by using patterning it into a stamp itself using conventional lithography [86]. 
To improve adhesion o f  graphene onto the substrate target, one reported technique is to 
pre-treat the surface by oxygen plasma [85].
It is also possible to use electrostatic forces to assist in the cleaving o f graphene. The 
diagram below shows the concept. The electrostatic force applied between the HOPG
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stamp and the S1O2 substrate target affects only the bottom most graphitic layer(s) due 
to the short screening length in graphite [87]. This in turns permits only a small number 
of layers to be exfoliated. Figure 2.24 shows the schematic of applying a voltage bias to 
achieve the electrostatic force for mechanical exfoliation graphene preparation.
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Figure 2.24: Procedures o f  electrostatic assisted cleaving o f  graphite to form  
graphene. In step (b), a voltage is applied while in contact and when separated in (c), a 
single or few  graphene layer resulted being cleaved onto the substrate’s surface [87].
2.7.2 Graphene by chemical methods
It has been known that graphite oxide (GO) can be produced by Hummers method [88] 
and other variations of this concept [89]. Thus with these techniques, graphene can be
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obtained from further subsequent chemical processing. Essentially, graphite is oxidized 
by strong acids, oxidants like sulphuric acid ( H 2 S O 4 ) ,  potassium permanganate 
(KMn04), sodium nitrate (NaNOg) to produce GO. After this, GO is exfoliated using 
sonication to create stable aqueous dispersions o f individual sheets. GO structure is 
shown below:
Figure 2.25: Schematic showing the structure o f GO which shows hydroxyl OH and 
epoxide group 0 - 0 - 0  [89].
A significant number o f carbon is bonded to various group like hydroxyl (OH), epoxide 
groups (C-O-C) and C =0 groups after the graphite undergone oxidation. As a result o f  
oxidation, GO is insulating and will need further processing to obtain back the 
chemical structure o f graphene. To achieve this, GO may be reduced to graphene using 
chemical reductants like hydrazine ( N 2 H 4 ) ,  dimethylhdyrazine (C2H8N 2), hydroquinone 
(C6H4(OH)2), and sodium borohydride (NaBH4) [89]. It should be noted that reduction 
by hydrazine for example may not completely restore GO back to the chemical 
structure o f pristine graphene [89]. This is shown when the GO is examined before and 
after chemical reduction under C ls X-ray Photoelectron spectroscopy (XPS).
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Figure 2.26: C ls XPS o f GO before (a) and after (b) reduction by hydrazine hydrate 
ybr 700 "C/OO/.
The C ls XPS spectrum of GO indicated oxidation in the material with four components 
that correspond to carbon atoms in different functional groups: the non-oxygenated ring 
C (284.8 eV), the C in C -0  bonds (286.2 eV), the carbonyl C (C=0, 287.8 eV), and the 
carboxylate carbon (0 -C = 0 , 289.0 eV) [90]. Although the C ls XPS spectra of the GO 
after reduction also exhibited similar oxygen functionalities as before, the peak 
intensities of these components were smaller than before reduction. This may be an 
indication of ‘de-oxygenation’ by the hydrazine reduction. The added component at 
285.9 eV corresponding to the C in the C=N bonds of hydrazones [90]. Non chemical 
reduction of GO by means of thermal annealing has also been explored [90].
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2.7.3 Graphene by sublimation of SiC
In this method, silicon carbide (SiC) is heated to high temperatures (>1100°C) to 
reduce it to graphene [91]. This process produces a sample size that is dependent upon 
the size o f the SiC substrate used. Graphene on silicon carbide can be patterned using 
standard microelectronics methods, thus creating the possibility for large scale 
integrated electronics on SiC epitaxial graphene [92].
Two most commonly reported SiC used for graphene growth is 4H-SiC and 6H-SiC. 
The Ramsdell notation is such that 4H refers to a hexagonal (H) lattice in which the 
stacking sequence o f SiC bilayers is repeated every 4 layers. Similar principle applies 
for 6H-SiC structure. The figure below illustrates the structures o f  4H and 6H SiC 
respectively:
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Figure 2.27: 4H (left) and 6H (right) SiC structure respectively. Open circles are Si 
and dark circles are C atoms [93].
Since termination o f SiC can either be C (C-face) or Si (Si-face) terminated, there is a 
reported difference between the graphene grown using SiC o f different terminations in 
terms o f kinetics, surface roughness and stacking order o f the as grown graphene.
41
Compare to C-face SiC, Si-face SiC tends to produce graphene layers that is less 
influenced by process time and temperature, which incidentally is also lower. The as 
grown graphene from C-face tends to have a lower surface roughness than that 
produced from Si-face SiC as measured by ATM and furthermore can have a longer 
terrace ( 1 - 2  micron) as well [93].
Figure 2.28: AFM  images o f  UHV grown graphene using different SiC terminations: 
C-face (left) and Si-face (right). Note that colour scales are arbitrarily set. From [93].
2.7.4 Graphene by expitaxial growth on metal
Since 1960s, there have been reports on investigations into graphitic growth that 
typically involved decomposition of hydrocarbon over various transition and precious 
metals. Some of the metals used are I r ( l l l )  [94], Ru(0001) [95], Pt(l 11) [96], N i(l 11) 
[97], and tungsten carbide [98]. Growth of graphene using CVD can be achieved with 
carbon dissolution-segregaton-precipitation which is a process whereby hydrocarbon 
pyrolysis over metallic catalysts (although non metallic materials like porcelain [99] 
had also been reported), followed by desolution of carbon into the metallic catalysts 
and finally precipitation of graphitic films upon cooling [100-101]. The other proposed 
mechanism is via direct deposition accomplished via using a metallic substrate with 
negligible carbon solubility at the CVD process temperature. Investigations of graphene 
growth using rutherium illustrated the possibility of exploring these two methods.
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Loginova and co-workers used low temperature (500 -  700°C) to avoid carbon 
diffusion into rutherium during evaporation of carbon source for graphene growth [102] 
while Sutter and co-workers promoted graphene formation on rutherium via carbon 
dissolution and segregation of carbon at higher temperature (850 -  1150°C) [95].
Besides the above mentioned UHV based CVD for graphene growth, there is also 
interests in alternatives like an atmospheric and low pressure (~ 10"3 Torr) based CVD 
for graphene growth as UHV process is considerably more expensive. Among these, 
the most widely reported metal used is Ni [103-105] and more recently the use of 
copper as catalyst [106-107].
To further the understanding on graphene formation on metals, the carbon segregation 
process model, developed to account for graphene formation on nickel catalyst and in 
general for metals with high carbon solubility, is examined below.
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Figure 2.29: Carbon segregation at metal surfaces. Different cooling rate results in 
different surface carbon formation [103]
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/The mechanism for graphene formation via carbon segregation (Fig 2.29) follows the 
following steps. It is thought the hydrocarbon molecules first decompose at the Ni 
surface and henceforth carbon atoms diffuse into the metal. Conceptually, the 
concentration o f carbon would decrease exponentially from the surface into the bulk. 
Thus by keeping this step to a short time, the aim is to keep the carbon concentration 
low. Next carbon segregation would occur as samples cool down. Cooling rate is an 
important parameter to consider in this process.
Different cooling rates lead to different segregation behaviours. Extremely fast cooling 
tends to result in a quenching effect in which the solute atoms lose the mobility before 
they can diffuse while under extremely slow cooling rate, carbon will have enough time 
to diffuse into the bulk, so there will not be enough carbon segregated at the surface. 
Thus a compromising medium cooling rate(s) will allow just sufficient amount o f  
carbon to segregate at the surface.
In contrast to graphene formation on Ni, there is a significant difference in the growth 
process when Cu, a low carbon solubility metal, is used. In a recent development, Li et 
al compared the differences between graphene growth mechanisms on Ni and Cu using 
low pressure CVD (LPCVD) process at 1000 °C [108]. Using carbon isotopes 13C and 
14C (in black dots, while 12C is in red dots - illustrated in the Fig 2.27) they observed 
the following behaviour. For Ni based graphene CVD, the isotopes distribution seems 
to be randomly distributed while in Cu based graphene CVD, the isotopes are found 
mostly at the peripherals. What this implies is that under formation o f  graphene in Cu, 
there is minimum absorption into bulk thus the first arriving carbon form-up 
sequentially.
44
Surface segregation3  Dissolution
13c h 4 12c h 4
b Surface adsorption
13CH„ ■*CH4
Z
„  e * e e »  ^  > . . .  * *'  ^W »w V## » * *  àJF y  M
v  *  > V
* ? * i= k  v
*> *„»» «
Precipitation
» M
Figure 2.30: Schematic diagrams o f the possible distribution o f  C isotopes in graphene 
fdms based on different growth mechanisms, (a) Formation on Ni surface - graphene 
with randomly mixed isotopes resulting from surface segregation and/or precipitation 
indicating that carbon absorption and re-precipitated to the surface upon cooling, (b) 
Formation on Cu - Graphene with separated isotopes resulting from  surface 
adsorption. Note the order in this formation which implies a first-in first form  ’ 
formation and also minimum absorption into the bulk o f  the film  [108]
They proposed that graphene formation on Cu is based on surface adsorption and is self 
limiting, which is different from growth of graphene on Ni which is based on the 
carbon segregation process. They further proposed that the self limiting arises due to 
the lack of strong catalytic and carbon solubility effect in Cu (unlike Ni) to promote 
decomposition and further growth after the initial layer of graphene is deposited.
Further evidence in the difference between Ni and Cu based growth process comes 
from observing one of the parameters in graphene formation which is cooling rate. 
According to Li and co-workers cooling rate is not a major factor when using Cu as the 
underlying metal for growth [106], unlike in Ni where single layer graphene was found 
mostly under a medium (~ 10°C/min) cooling rate [103]. Reina and co-workers also 
reported ‘the right cooling rate’ will produce single/few layer graphene [109].
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2.8 Conclusion
In this chapter, separate reviews on various preparation methods for CNT and graphene 
were discussed. Emphases were especially placed on chemical vapour deposition 
methods for producing both CNT and graphene. It is interesting to note that in 
principle, by changing the size o f  the metal catalyst from nanoparticle size to a thin- 
film sheet, the carbon atoms can be formed into graphene instead o f CNTs. Besides 
looking at the growth process, electronic and optical properties o f graphene and its 
application to different devices were also discussed. In the next chapter, various 
experimental techniques used throughout the studies reported in this thesis are 
introduced and analyzed.
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CHAPTER 3
Experimental methods and techniques
This chapter describes a series of experimental methods and tools used throughout the 
studies reported in this work. They are the photothermal based CVD (PT-CVD) growth 
tool, and the various analytical tools used for characterizing carbon nanotubes and 
graphene. Furthermore a basic overview of an organic solar cell and its characterization 
method is also described.
3.1 Photothermal CVD growth tool (PT-CVD)
Figure 3.1: (Left) Cartoon illustrating the concept behind the design o f  the Surrey 
NanoSystem growth tool. The substrate (silver) sits on a liquid-cooled substrate 
support. The substrate coating (black and brown) reflects the infrared radiation energy 
delivered from the top and also acts as a thermal barrier between the growth front and 
the underlying substrate [110]. (Right) Actual implementation o f  the concept. 
(Courtesy o f  Surrey NanoSystem Co.)
Surrey NanoSystem, a spin-off company from the University of Surrey, has developed 
a commercial prototype low pressure plasma enhanced chemical vapour deposition tool 
which employs optical heating as the energy source (i.e. photothermal process) instead
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o f the conventional substrate heater design. The concept o f this design is illustrated in 
Figure 3.1.
The basic aim behind the design o f this tool is to enable the development o f  low  
temperature growth process for carbon nanomaterials that is essentially CMOS 
compatible. The key to this design is the exposure o f a pre-deposited layer(s) o f growth 
catalyst(s) to a combination o f top side heating with bottom side cooling [110]. 
Thermal heating energy is introduced through the use o f  an infrared (IR) heating source 
from tungsten halogen bulbs, mounted to the top side o f the substrate. The usage o f IR 
heating allows the rapid introduction and ramp-up o f thermal energy to the catalyst(s) 
on the substrate, while simultaneously a cooling fluid (e.g. cold, fast flowing water) 
flows through the chuck that is supporting the growth catalyst(s).
It was also found that an addition o f a thermal barrier layer (TBL) [111] on the 
substrate’s surface can greatly enhance the surface temperature profile while still 
keeping the underlying Si wafer below 400°C. This TBL has two purposes: 1) to reflect 
IR energy away from the substrate back onto the catalyst and 2) act as a physical 
thermal barrier between the growing carbon nanomaterial (in this investigation - CNTs 
was grown) and the underlying Si substrate [110].
Finally, the primary measurement o f temperature is via an optical pyrometer. This 
pyrometer (BASF Exactus model) is pre-calibrated against the freezing point o f  Al. 
Thermal radiation from the IR source irradiating onto the wafer is fed into the optical 
pyrometer via a Y AG light pipe situated under the wafer. The system also caters for 
secondary connection o f a conventional thermal couple (TC) as an additional thermal 
sensor, however due to the rapid thermal heating it will be necessary to have a small 
body (i.e. small heat capacity) TC to ensure accuracy.
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3.2 Thermal CVD growth tool (T-CVD)
Figure 3.2 (Top) shows a schematic of the furnace and the actual equipment (Figure 3.2 
bottom). Three types of gases - methane, hydrogen and helium are available to 
selectively injection into the furnace. Figure 3.2 (b) shows a schematic image of a 
cross-sectional view of the furnace. The quartz tube has a 3 inch diameter and is 1 m 
long. The maximum operating temperature is at 1200°C. The gases are introduced 
through the right hand side metal pipe and flow into the quartz tube with the exhausts 
passing out the other end. Metal plates are placed in the quartz tube near the flanges to 
reflect the heat toward the middle of the quartz tube. The reflections result in the 
reduction of the heat distribution at the middle of quartz tube and also avoid the heating 
up of the flanges which include o-rings.
Quartz tube 
Gas outlet
Sample
Flanges with o-rings
Gas inlet. ; Heater l,.    —
Heat reflection plates
Figure 3.2: (Top) Cross-sectional diagram o f  a T-CVD furnace used in this study [7] 
and (bottom) photograph o f  the equipment. The metal plates in the schematic are 
placed near the both ends o f  quatz tube to reduce a distribution o f  heat at the middle o f  
the quartz tube and to avoid the excess heating up o f  flange which possibly results in 
degreations o f  o-rings in the franges.
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3.3 Raman spectroscopic characterisation of carbons
Raman spectroscopy is a technique commonly used to study vibrational and rotational 
modes in crystals by making use o f the scattering effect on the incident monochromatic 
light illuminating the crystals. In a solid sample, this scattering occurs due to the 
interaction with vibrational modes o f the crystalline structure. This interaction resulted 
in frequency shift o f the scattered light. Using classical physics, the relationship 
between the polarizations o f the crystal due to the local electric field created from the 
incident light is shown below [112]:
P  = aE  [3.1]
where P is the polarization vector describing the displacement between positive and 
negative charges, E  is applied electric field o f the general form: E = Eosinco0t, and a  is 
the polarizability tensor o f the atom in the crystal sample.
Assuming that the polarizability tensor is modulated by crystal vibration, thus a  can be 
further expanded into the following equation 3.2:
a  = a 0 + a l smcoqt [3.2]
where coq is defined as frequency o f the atomic vibration coupled to the incoming light. 
Thus, the resulting equation is:
^ (a.  s'" w / + cos(a,  - o j ^ t - ^ - a ,  cos(®o + ojq ) f )  [3.3]
Equation 3.3 shows that light can be scattered both elastically (first term) and 
inelastically by a downshift (second term) and an upshift (third term) in frequency. A  
downshift in frequency is referred to as the Stokes Raman shift while an upshift is the
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anti-Stokes Raman shift. The Stokes process refers to the emission o f a phonon and the 
anti-Stokes process to the absorption o f  a phonon in the scattering process [112].
Furthermore, both energy and momentum conservation must be considered in the 
Raman process:
Es = Ei + Eq and ks = ki + kq
where E  and k  are the energy and momentum, respectively, o f the incident (i) and 
scattered (s) light and the lattice vibration or phonon mode (q) involved.
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Figure 3.3: Classification o f first and second order Raman process in a momentum (q) 
v? energy (k) diagram for both incident and scattered resonance. Incident and 
scattering resonance are explained in the following text. Note that for the more 
complex second order Raman process, there are two distinct cases: 1) one phonon 
process involved one elastic scattering and 2) two phonons with equal magnitude but 
opposite direction [113-114].
At this point, it is important to bear in mind that carbon nano-materials are low  
dimensional systems, thus the existence o f discrete transition energies for electrons 
enhances the scattered Raman signal since these transitions increase the probability o f  
the electron-phonon interactions. The process whereby the energy o f  the incident and
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scattered light coincide with an electronic transition in the material is known as 
resonance Raman process.
Figure 3.3 shows the E-k diagram o f zero bandgap carbon nano-material. As seen, the 
incident resonance refers to a process via the following steps: 1) an incident laser 
energy that excites an electron from a lower to higher electronic state, 2) the electron 
subsequently loses energy and with an accompanying phonon emission, the electron 
then occupies a virtual electronic state, 3) finally the electron recombines with its initial 
state with an accompanying photon emission. Thus the phonon energy can be inferred 
from the difference between incident and scattered photons from the whole process.
For the case o f scattered resonance, the main difference lies in that the incident laser 
energy excites the electron to a virtual state first, loses energy to occupy a lower 
electronic state with a phonon emission as before, finally recombining to emit a photon. 
All the above descriptions are for the Stokes process. Similar behaviours can be 
described for an anti-Stokes process. For the first and second orders o f  the Raman 
processes illustrated in the above figure, they refer to the one and two scattering events 
respectively. For first order event, the momentum o f the vibration mode is 
approximately closed to zero, and in a second order Raman process the vibration modes 
with non-zero momentum can be probed [113].
Not every molecular vibration can be studied with Raman spectroscopy. In order for 
Raman scattering to take place the molecule has to be affected by a vibrational mode in 
such a way, that its polarizability is changed [112]. In this way the outgoing photons 
reflect the modification o f the molecule’s optical response by a vibration. The Raman 
active vibrational mode is mechanically deforming a molecule, varying the distances 
between the atoms, constantly modulating the polarizability with the frequency o f the 
given molecule’s vibration.
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The system that was used throughout this thesis is a Micro-Raman spectroscope 
(Ranshaw Micro-Raman) consisting of a laser focused onto a small spot of the sample 
in the order of a few micrometers, using an optical microscope. The scattered light is 
then collected by the microscope’s objective lens and deflected to a spectrometer. The 
Raman spectra are recorded in backscattering configuration.
3.3.1 Raman spectroscopy of Carbon Nanotube
There are several peaks which are interesting for the analysis of carbon nanotubes. The 
first is the "G band" around 1582 cm '1 (whereas G means graphite) [12, 114]. The 
Raman G mode is considered as a first order Raman process, visually this mode arises 
due to atomic vibration as shown in Figure 3.4. As a comparison to other graphitic 
materials, Figure 3.5 below detailed the various forms of Raman G mode/band and 
their corresponding carbon structures.
Figure 3.4: Schematic o f  two atomic vibrations giving rise to G modes/band in 
SWCNT Note that circumferential displacements gives rise to G mode while G~ mode 
is due to the curvature o f  the CNT which softens the vibration in the circumferential 
direction [12, 115].
As seen in Figure 3.4 the G band of MWCNT is quite indistinguishable from that in 
HOPG graphite. For the case of SWCNT, the G mode in SWCNTs gives rise to multi­
peak features, where up to six Raman peaks can be observed [12]. However, a simple
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analysis can be carried out considering just the two most intense peaks: Firstly, G+, for 
atomic displacements along the tube axis as shown in Figure 3.5, and secondly, G -, for 
atomic displacement along the circumferential direction as shown in Figure 3.4 [115].
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Figure 3.5: G bands for various carbon materials. For SWCNT, G has two main modes 
G+ and G~ due to the atomic vibrations shown previously [12, 115].
The second Raman mode is the D-band which is considered to be a one-phonon 
second-order Raman process that involves one phonon scattering and one elastic 
scattering with a defect. Thus this mode is forbidden in perfectly ordered graphite and 
becomes only active in presence o f disorder. The Raman D band exhibits laser
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wavelength dependent and it will also shift upward with increasing laser excitation 
energy.
One o f the interests in studying disorder mode under Raman spectroscopy is for defect 
characterization in CNT [12, 114]. There are two distinctions between D mode in 
graphite and D mode in CNT are: 1) the D band’s frequency is lower in CNT than that 
o f graphite, and 2) it is usual to observe the Raman spectra from SWNT samples to be 
composed o f both a broader peak and a sharper peak, the broad feature coming from 
amorphous carbon while the sharper feature coming from the CNTs [116].
It is possible to define a ratio o f the D to G-band which is inversely related to the 
crystallite size o f graphite [117-119]. Maultzsch and co-workers [120] studied the ratio 
o f D/G for MWCNT as a function o f doping level (boron doping in MWCNT for study 
o f defect concentration control). The results indicated that as the doping level increases, 
the D/G ratio also increased. Antunes and co-workers further investigated the 
sensitivity o f the ratio as a function o f laser excitation wavelengths [121]. They found 
that under IR Raman excitation, the ratio displayed much higher sensitivity to the 
presence o f structural defects in various carbon materials like CNT, CNF and graphite. 
It should be noted that beside the use o f D/G ratio as an indication o f defects, another 
Raman mode has a similar effect. This mode -  D ’ mode (-1618 cm'1 which is on the 
right shoulder o f  G peak) is typical o f defective graphite-like materials [12, 114].
The last Raman mode o f interest (usually in the range: 120 cm"1 < (Or b m  < 250 cm'1), 
Radial Breathing Mode (RBM), is very useful for characterizing a SWCNT’s diameter 
through the relationship:
0)RBM= ~ r + B  [3.4]
d t
where A and B are empirically determined, dt is the diameter o f  the tube.
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The atomic vibration that resulted for a RBM mode is showed in the following figure.
Figure 3.6: Atomic vibration for Raman’s RBM mode in SWCNT [12, 115]
For MWCNT, the Raman RBM from large diameter is usually too weak to be 
observed.
3.3.2 Raman spectroscopy of graphene
At present besides Raman spectroscopy, there are other methods (e.g. Scanning 
Tunneling microscopy ~  STM, Electron diffraction ~  ED) for identifying graphene as 
reported in the literature. However, Raman’s attractiveness as a characterization tool 
for carbon nano-material in general and graphene in specific lies in that it is non­
destructive, fast, with good resolution and gives the structural information [122].
Besides sharing the common Raman mode G and D with CNT and graphite as 
mentioned earlier, there is the existence o f a 2D or G’ mode -  a two-phonon, second 
order Raman process, which like D mode also displays frequency dependence on laser 
energy [113]. It has been proposed that this Raman 2D mode is a useful tool for 
identifying the layer counts in graphene prepared as previously discussed. In 
comparison, tools like ATM which has been used to identify one to a few  layer thick
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graphene, has lower throughput and the apparent measured thickness o f 0.5 ~  1 nm is 
thicker than expected from interlayer graphite spacing [49]. Others like optical 
microscope imaging have also been used to identify graphene on SiOz. It was found 
that thickness o f SiO] strongly influenced the visibility o f graphene [123], thus a 5% 
change in thickness (from 300 nm to 315 nm variation) will significantly lower the 
visibility o f graphene [124].
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Figure 3.7: Two-phonon double resonance processes in a bilayer graphene, where 
s=scattered resonance, i=incidence resonance. A total o f  eight processes are possible 
under this model with four pairs o f the eight cases being degenerate. Usually the 
Raman 2D can be fitted to four peak components [125-126].
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Following on from the work on using Raman spectroscopy for other carbon materials 
like CNTs, Ceo and graphite, Ferrari and co-workers in a series o f reports highlighted 
the Raman signature o f single and few layer graphene (prepared via mechanical 
exfoliation) using Raman spectroscopy [122, 127]. To show how Raman spectroscopy 
can be used for identifying graphene layers, the Raman spectra for a bilayer graphene is 
considered in the following. Figure 3.7 illustrates the Raman spectra o f an ABA  
stacked bilayer graphene with the underlying processes that give rise to this spectrum. 
As seen, there are two photons, second order resonance led to eight distinct processes 
which can be mathematically curve-fitted using four distinct Lorentzian peaks.
It was further observed that the Raman 2D peak will change in shape, width and 
position for increasing layer counts [128]. The figure below shows the evolution o f the 
2D peak with increasing layers.
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Figure 3.8: Evolution o f 2D peak for grapheme at two different laser wavelengths. 
Note the dispersion effect in the profiles due to different excitation wavelengths [128].
Raman 2D mode is also observed in graphite and CNTs as a second order Raman 
scattering effect[129]. However instead o f one sharp peak in graphene, the graphite’s 
2D peak consists o f  two components 2Di and 20% [128-129].
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Figure 3.9: First and second order Raman spectra o f  HOPG and glassy carbon [129],
The presence of excess charges (doping) on the graphene will also result in variation of 
the various peaks’ position and intensity under Raman spectroscopy. Excess charges 
maybe caused by process residuals, leftover resist, adsorbates and substrate interactions 
[130]. Variation of the 2D/G ratio can vary from 5 times (for low doping) to just 1 for 
high doping despite having the same layer count [131]. Edge effects of graphene also 
contribute significantly to the Raman spectrum of graphene in general.
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Figure 3.10: Graphene’s edge effects on Raman spectrum at 514 nm. Note the visible 
D mode at the graphene’s edge which would be absent at the centre [127].
The above figure shows that D is more significant at the edge of a graphene layer. 
Furthermore at the edge, the D band’s intensity is strongly influenced by the angle
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between excitation laser’s incident polarization and the edge, maximum at parallel and 
minimum at perpendicular. As a side note in the figure above at 2460 cm'1, the Raman 
peak is G+Azu, while 1450 cm'1 is due to silicon substrate [132].
One o f the reported differences between Raman spectrum obtained from few layer 
graphene obtained via exfoliated method and CVD grown graphene is that the Raman 
2D peak o f some o f the CVD grown few layer graphene exhibits a single Lorentzian 
peak but with a wider FWHM (up to ~  70 cm'1). In contrast, reported Raman 2D peak 
can be fitted with four Lorentzian curves for exfoliated bilayer graphene [104]. This 
may implies that CVD grown few-layers graphene may exhibit characteristics similar 
to turbostratic graphene resulting from the absence o f long term order in the c axis as 
compared to HOPG’s ordered AB stacking.
3.4 Transmission Electron Microscopy
A transmission electron Microscope (TEM) is a microscope that uses electron beam to 
illuminate a sample/speciman o f interest instead o f  an optical light source. It primarily 
composed o f an electron source, several condenser/objective/projector lenses and 
detectors. Simplified schematic o f the TEM is shown in Figure 3.11. Unlike the more 
commonly found scanning electron microscope (SEM) which analyses signals reflected 
from specimens through secondary and backscattered electrons, TEM analyses 
electrons transmitted through the specimen, such as diffracted electrons. This also 
meant TEM can provide electron diffraction (ED) patterns o f the speciman’s lattice 
structure.
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Figure 3.11: Schematic showing the idea o f TEM. An electron beam illuminates from  
the top o f a specimen, travels through it and the image (formed from the electron 
exiting the sample) is subsequently collected on a fllm/CCD below the sample [7J.
From the schematic one salient point to note is that the thickness o f  specimens has to be 
very small in order to obtain a good signal and clear images. Another important 
difference is that the acceleration energy o f  electron gun is much higher (~ 200 kV) 
than that o f a SEM, this resulted in an increased in spatial resolution.
Given that the most notable characteristic o f TEM is its high resolution. This parameter 
is very attractive given that the tool can provide a visual image o f nanometer size 
sample. Thus TEM naturally becomes a key analysis technique for identifying 
information on the carbon nano-material grown throughout this work. For example, 
TEM can provide information like the crystalline structure o f  CNTs, number o f  walls 
or layers o f CNT or graphene, and CNT diameters. The trade-off is that the observation 
area is limited to a very tiny area o f the specimen, typically a few tens to a few  
hundreds o f nm area. Thus the information obtained by TEM for a specimen is 
localized. In this project, there is a choice o f either using the Philips CM200 or Hitachi 
HD2300.
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3.5 Thermal evaporation
In this thesis, the metallic electrodes and organic materials for the various electronic 
devices studied are fabricated using evaporation technique through a shadow mask. 
Deposition was performed in a modified Edwards multi-crucible evaporator (shown 
below) or using a in-house customised thermal evaporator, both at a base pressure less 
than 4 x 10"6 mbar.
Thickness monitor
Sample
ShutterChamber
Source
Current
control
Rough Pvmp
Figure 3.12: Schematic diagrams o f the modified Edwards thermal evaporation 
system.
To measure the thickness o f evaporated thin films accurately, a quartz crystal 
microbalance (QCM) is used. The tooling factor o f the monitor was calculated and 
adjusted in order to minimize the thickness difference between the thickness measured 
by the quartz sensor and the actual thickness deposited on the substrate. The correct 
Tooling Factor is calculated by
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Tooling Factor = ToolingAPPR0X x TJ^ knessa c t u a l
TmcknessQCM
The tooling factor for films was found by using a shadow mask to cover part o f the 
metal film during the evaporation. The thickness o f the film was verified by measuring 
the thickness o f evaporated films using ATM or a Dektak IIA profilometer and 
compared with the thickness measured by the QCM to calculate the Tooling Factor.
3.6 Conclusion
In this chapter, the CVD growth tools which are used for the experimental works 
reported in this thesis are examined. One CVD distinct tool - Surrey NanoSystem uses 
IR heating for fast delivery o f  thermal energy that allows the prospect o f implementing 
a fast growth process. Two popular analytical techniques TEM and (resonance) Raman 
spectroscopy are discussed. The Raman method is especially examined in details given 
the fact that the Raman technique provides a fast and non-destructive method for 
examining the quality o f the as grown carbon microstructures.
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CHAPTER 4
Low temperature growth of Carbon Nanotubes
From the literature review, one can find a wide variety o f growth processes for CNT 
growth. From the view point o f technology integration with the current CMOS 
roadmap, there still exists a need for low temperature, high growth rate CNT processes. 
In this section, a low-temperature growth o f vertically aligned carbon nanotubes 
(CNTs) with high growth rates is investigated using the photo-thermal chemical vapour 
deposition (PT-CVD) technique with a Ti/Fe bilayer film as the catalyst. The bulk 
growth temperature o f  the substrate is as low as 370°C and the growth rate is up to 1.3 
/un/min. This is about eight times faster than the values reported using the traditional 
thermal CVD methods. The as-grown CNTs were observed to be made o f highly 
crystalline 5-6  graphene shells with an approximately 10 nm outer diameter and a 5-6  
nm inner diameter. The low-temperature rapid growth o f CNTs is likely due to a 
combination o f the top-down heating mode o f PT-CVD and the use o f a Ti/Fe 
bimetallic solid solution catalyst.
4.1 Introduction
High temperature is generally thought to be a requirement for growing CNT with 
minimum or no defects [133]. Among the possible reasons believed to prevent low  
temperature CNT growth is that catalysts cannot be restructured and activated under 
these conditions. Another reason is that the reactive species cannot be dissociated and 
reacted with catalysts at such low substrate temperatures based on a traditional bottom- 
up heating approach. In additional, the traditional understanding o f CNT growth 
mechanism model did not explain satisfactory the circumstances that can lead to a low  
temperature CNT growth process.
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This is illustrated in the bulk volume diffusion growth proposed by Baker et al. [32] 
which describes temperature and concentration gradients driving the carbon diffusion 
through the volume o f the catalysts. In comparison, recent studies indicated that 
diffusion o f carbon over the surface o f  the catalysts requires a lower energy, well 
within the lower CNT growth temperatures reported [36-37]. It is possible that both 
processes can co-exist, depending on a number o f  factors, like methods o f delivering 
energy (plasma at different frequencies, thermal or combination o f these) to the 
catalysts which in turn is affected by the particular choice o f CVD processes. The size 
o f the catalysts or the use o f alloyed catalysts, known to have lower melting 
temperature, also affects the growth temperature.
There is however a desire to drive towards a lower temperature CNT growth process. 
One o f the impetuses comes from the ITRS roadmap. CNT, with its good electronic 
charge transport property, has been proposed as a possible replacement for Cu 
interconnects in nanoelectronics, as Cu nanoscale wirings fail to meet the predicted 
current density demands imposed in large scale integration circuits o f  the future [134- 
135]. However, present CMOS devices are fabricated with back-end-of-line processes 
at temperatures below 400°C, which is a challenge for growing high-quality CNTs by 
chemical vapour deposition (CVD).
To date, several routes have been attempted to lower the CNT growth temperature: -
1) Using various carbon feedstocks with lower dissociation temperature and high 
reaction activity with catalysts [136];
2) Controlling the hydrocarbon concentration in the system. Considering that with more 
carbon arriving at the surface o f the catalysts, a faster thermodynamically driven 
diffusion rate will be needed to prevent suppress any amorphous growth that may 
compete with CNT formation. This is confirmed by the observation that increasing
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hydrocarbon feedstock while keeping other factors unchanged led to more amorphous 
carbon quantity [137]. However, this also implies a slower growth rate;
3) Exploring a wide range o f catalysts, such as bimetallic nanoparticles and oxide with 
low melting points [24, 134, 138];
4) Use o f  a small flow rate o f undiluted hydrocarbon feedstock which translate to a low  
growth processing pressure (< 10‘2 mbar) [139], which is much lower than our reported 
operating pressure o f 2 Torr (see paragraph on experiments in this section).
5) Introducing plasma energy (DC, RF, Microwave) during deposition with the scope 
o f increasing the dissociation and ionization o f feed gases and concomitantly 
decreasing the activation energy o f the CNT growth [111, 140]. However, plasma 
based methods tend to introduce structural defects in CNTs due to ion bombardment, 
leading to the formation o f lower-quality carbon nanofibers [137]. Furthermore, it is 
also reported that plasma methods do not favour the growth o f both high-quality single­
wall CNTs and ultralong multi-wall CNTs, perhaps due to plasma poisoning o f  
catalysts and etching o f CNTs [141];
6) Gas phase preheating or catalyst pre-treatment (e.g. use o f NHg) while still using the 
traditional thermal CVD methods [139, 142]. However, the present growth rate o f  
CNTs by thermal CVD is quite low and insufficient for practical applications o f CNTs, 
The use a highly toxic gas like NH3 also meant a need for greater safety precautions.
Beyond the above mentioned methods, another novel concept is through the use o f a 
layer beneath the catalysts which can act as a thermal barrier. This concept is illustrated 
in the following diagram (Figure 4.1). Chen et al. [111] reported that a low  temperature 
CNT growth (< 400°C) using a similar thin-film structure with DC plasma (500V) as 
the only thermal energy delivered in the PECVD. Ti was chosen as it has a low  thermal
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conductivity among metals and also the use of DC plasma restricted the choice on 
insulating materials.
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Figure 4.1: (Left) Ni is intended to be the catalysts fo r  CNT growth while Ti (variable 
thickness x) acts as the thermal barrier. As seen on (Right), simulation o f  the thermal 
profile in the structure shows a much higher temperature at the Ti layer compared to 
its underlying Si substrate [111].
Tuning the thickness of the thermal barrier layer led to a significantly different thermal 
profile in the structure. As a consequence of the above design, it was possible for the 
underlying Si substrate to remain much cooler, thus for processes like CMOS 
fabrication which demands a low processing temperature, such a structural design 
would be advantageous. Based on the above insights, the PT-CVD would be the next 
natural technological progression. Through the use of an IR optical source in place of a 
DC plasma for top down energy delivery would remove some of the earlier mentioned 
concerns like CNT structural damages due to ion bombardment by plasma, and a 
greater materials choice [143].
This section documents the low-temperature rapid growth of vertically aligned CNTs 
by the photo-thermal CVD (PT-CVD) method using a highly active Ti/Fe alloy 
catalyst. The structure of as-grown CNTs is studied by using scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) and Raman scattering. 
The rapid growth mechanism of CNTs is discussed briefly.
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4.2 Experiments
The catalyst consisted o f 1 nm Fe and 0.5 nm Ti that was sequentially deposited on 50 
nm SiOa by Ar magnetron sputtering. CNT growth was performed using the Surrey 
NanoSystem's photothermal CVD (PT-CVD) as discussed previously in Chapter 3. The 
sample was loaded into the growth chamber under ambient atmosphere. After pumping 
down to its base pressure, a mixture gas o f 100 seem Hi and 6 seem C2H2 was 
introduced into the chamber at a working pressure o f 2 Torr. Previously reported work 
indicated that amorphous carbon content becomes significant when hydrocarbon 
concentration exceeds 6% [110-111]. The IR lamp array was switched on immediately 
to start the CNT growth for 15 min. The substrate temperate was continuously 
monitored by an optical pyrometer embedded in the sample holder, and a thermocouple 
located on the surface o f the substrates. After deposition, the lamp array was switched 
off and the sample was cooled in the ambient o f Hi.
4.3 Results and discussion
Figure 4.1(a) and (b) show a top-view and cross-sectional SEM images o f the CNT 
sample grown at the substrate temperature o f about 370°C. The surface is uneven with 
the appearance o f some cross protruding lines, which are not horizontal CNTs bundles 
but the tips o f vertically aligned CNTs due to different CNT heights as confirmed by 
higher magnification SEM inspections (Fig. 4.1b and c). The CNT growth in our PT- 
CVD seems to follow a tip growth model [37] and the growth temperature is relatively 
low as no surface melting induced flattening o f the metal catalysts appears to occur on 
the substrate. The length o f CNTs is ~  20 pm and the growth rate is estimated as 1.3 
pm/min. This value is about 8-25 times larger than that o f traditional thermal CVD 
(0.05-0.16 pm/min) at the substrate temperature range o f 35O~475°C [139, 142].
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Figure 4.1: Top-view (a) and cross-sectional (b) SEM  images o f  vertically aligned 
CNTs; (c) is the magnified SEM  o f  (b) and (d) back-scattering electron image
The as-grown CNTs via PT-CVD are in the form of a forest with vertically aligned 
bundles with respect to the substrate. They are clean with no carbon particles and 
residual catalysts found among the CNT forest as shown in Fig. 4.1c. This was further 
confirmed by scanning back-scattering electron imaging technique, which is more 
sensitive to heavy metal catalysts than to the lighter element carbon [144]. The few 
bright spots related to the metal catalysts are found in the back-scattered electron image 
on both the tip and side areas of CNTs. This reveals the catalysts are tiny and uniform, 
implying the catalysts may have retained high activity during the growth process.
Figure 4.2(a) shows a TEM image of the sample, which is prepared by ultra-sonicating 
in methanol and then sieved onto a holey carbon grid. The sample is very clean and 
contains few contaminant particles. It only consists of tangled long CNTs with uniform 
diameter. The electron diffraction pattern in the inset is matched well with that of
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polycrystalline hexagonal graphite, revealing that the as-grown CNTs are highly 
graphitized.
Figure 4.2: (a) and (b) Low-magnification and high-resolution TEM images o f  CNTs. 
(Inset) is the electron diffraction pattern
Figure 4.2(b) is a typical high resolution TEM image of an as-grown CNT. The CNT 
has a 5-6  nm hollow interior and about 10 nm outside diameter. It is clearly made of 
5-6  graphene shells, which have a typical graphite (0002) spacing of 0.347 nm. The 
constituent graphene layer is essentially crystalline but contains various structural
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defects, which are similar to those o f found in CNTs growth by other methods at low  
temperatures [134, 142]. For example, there are some broken graphene layers, forming 
some steps and kinks along both the inner and outer walls o f  CNTs (pointed out by a 
double-line arrow). There are also some rippled graphene layers formed in the inner 
side o f CNT walls (identified by an arrow) because the stress in the wall cannot be 
released at low temperatures. These structural defects destroy the periodicity o f  
graphene shells and make both the inner and outer walls defective and rougher 
compared to high-temperature grown or annealed CNTs, whose walls are commonly 
made o f  clean, straight, ordered, and highly crystalline graphene layers [145].
Figure 4.3(a) shows the Raman spectra at room temperature excited by multiple 
wavelength lasers o f 2 .8 leV  (442 nm), 2 .4 leV  (514 nm), 1.96eV (633 nm), and 1.58 
eV (782 nm) in the range o f 500-3000 cm'1. Their profiles are very similar as those o f  
CNTs grown by both thermal and plasma enhanced CVD at substrate temperatures o f  
400-550°C  [144, 146]. The spectra mainly consist of: Raman D band at 1307 -  1358 
cm"1, Raman G band at 1571 -  1594 cm"1 and a Raman 2D band at 2597 -  2717 cm'1, 
and finally a possibly D ’ shoulder at 1600-1620 cm'1.
The intensity o f D band increased with the excitation energy, while the intensity o f 2D  
(or G’) band decreased. Due to the double resonance effect [147], the frequencies o f  
both D and 2D bands are up-shifted with the excitation energy shown in Fig. 4.3(b). 
They have an energy dispersive coefficient o f 40.7 and 98.2 cm'VeV, respectively, both 
smaller than the majority o f reported values on graphite and single-wall CNTs. In terms 
o f the nature o f the D band from the structural defects in graphene based materials, the 
ratio ( I d / I g )  o f integrated intensities o f  the D to G bands usually has been considered as 
a fingerprint for the evaluation o f the crystal quality o f graphene based materials.
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Figure 4.3 (a) Raman spectra o f  CNTs with excitation by various wavelength lasers 
and (b) the energy dispersion o f  peak positions o f  D and 2D or G ’ bands
The Id/Ig ratios of D to G bands for four kinds of laser excitations of 442, 514, 633 and 
782 nm are 0.8, 1.3, 2.0 and 3.0-6.5, respectively. The ratio increased with the 
excitation energy, a trend also observed in other graphitic materials [148-149]. A broad 
peak related to amorphous carbon at about 1500 cm"1 is observed to have been activated 
by the 782 nm laser and thus significantly influences the intensity of the G band. Thus, 
to accurately evaluate graphene based materials, the comparison of both the D band
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intensity and the D to G band ratio for different samples should be based on identical 
laser excitation. Here, the ratio (Id/Ig = 1.3) for the 514 nm excitation from the samples 
is less than that (Id/Ig = 3.4) o f CNTs deposited by radio frequency plasma CVD at a 
substrate temperature o f  500 °C [146], and less than that (Id/Ig = 2 .1- 2 .6) o f  CNTs 
grown by thermal CVD at the substrate temperature o f 4 0 0 -5 50°C [144]. This shows 
that the CNTs grown by PT-CVD are o f higher quality with only some structural 
defects.
Similar to hot filament CVD[150], PT-CVD is a top-down method. It has the 
advantages o f directly transferring thermal energy to the catalyst, heating only the 
substrate surface, while preventing possible impurities from due to filament poisoning 
which is presented in hot filament CVD. Different from traditional furnace based 
thermal CVD, PT-CVD offers a fast heating mode to the required temperature within 
seconds, enables the catalytic metal film to be nano structured by preventing metals 
from been alloyed, diffused, coarsened and so on. In this study, PT-CVD is purely a 
thermal process without the interference o f plasmas. This precludes the negative effects 
o f ion-bombardment induced poisoning o f catalysts and etching o f  CNTs, which 
commonly occurs in plasma based CVD.
Theoretical calculations and experimental studies have reported that dual metal 
catalysts have higher activities compared to single metals. One o f the dual metals could 
enhance the nucléation o f CNTs and the other could essentially increase the CNT 
growth[151]. They usually have a lower melting point and specifically benefit low- 
temperature growth o f CNTs by lowering the activation energy due to the ‘synergistic 
effects’ o f  the bimetals [138]. Fe/Ti binary catalysts have been used to catalytically 
grow CNTs. However, they demonstrate different activities for the CNT growth, which 
are critically dependant on the deposition method [151-152]. In the traditional thermal 
CVD, Fe/Ti catalysts are completely inactive because Ti has a high solubility in Fe 
leading to the formation o f a large particle. In contrast, Fe/Ti can catalytically grow
mm-long CNTs by grid-inserted plasma CVD. It is worth noting that at the substrate 
temperature of 400°C, the growth rate is only around 0.1 pm/min, 13 times smaller than 
values recorded in this study. Here, in the PT-CVD system, Fe/Ti bilayer thin films 
absorb incident light-energy, inter-diffuse and rapidly form a solid solution, which can 
be evidenced by annealing the sample in a %  ambient.
Figure 4.4 shows AFM topographic images of an as-sputtered Fe/Ti bilayer film and 
that H] annealed film at 370 °C for 3 min, which have a roughness of 0.71±0.16 nm 
and 0.49±0.09 nm, respectively.
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Figure 4.4: (a) and (b): shows AFM  topographic images o f  an as-sputtered Fe/Ti 
bilayer film  and that H2 annealed film  at 370 °C for 3 min; (c) comparison o f  the line 
scan profiles taken from  red and blue lines in the images contrasting the surface 
roughness before and after annealing
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Different from traditional thermal CVD, the annealed sample is smoother than the 
pristine one. This indicates that the sputtered nanoclusters in the Fe and Ti film  
migrate, mix and ripen, resulting in a “solid solution”, which is made o f uniformly, 
dense and fine Fe/Ti nanocatalysts rather than isolated large nanoparticles formed by 
traditional bottom-up heating [139]. This ensures that the CNTs catalytically grow via a 
solid surface reaction with C2H2 [110]. The high density o f nanocatalysts and the high 
CNT yield result in their vertical alignment, possibly aided by Van der Waals 
interactions o f adjacent CNTs with each other. Another possible mechanism o f rapid 
CNT growth is ascribed to the formation o f a ternary solid solution o f highly active Ti- 
F e-0  particles due to catalyst exposure in air for a longer time period and without a H2 
pre-reduction process [153]. Details o f the rapid low-temperature growth mechanism o f  
CNTs are less clear.
4.4 Conclusion
Vertically aligned CNT forests have been grown at 370 °C by a one-step PT-CVD 
method. The growth rate is as high as 1.3 pm/min, at least 8 times faster than most 
other thermal CVD methods. The CNTs are composed o f a few layer crystalline 
graphene sheets with a 5 -6  nm diameter hollow interior with some structural defects 
ascribed to the low growth temperature. Raman scattering provides supporting evidence 
that the as-grown CNTs are can have quality that is comparable or better than some o f  
the reported CNTs grown at higher temperatures by traditional CVD methods. AFM 
topography studies confirm the fast top-down heating mode o f the PT-CVD leads to the 
formation o f a Fe/Ti uniform solid solution, which greatly improves the CNT growth. 
The PT-CVD growth method o f CNTs at low temperatures offers the potential for 
exploiting the integration o f high-quality CNTs into CMOS devices.
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CHAPTER 5
Growth of graphene using thermal CVD and its field effect 
properties on different dielectrics
In this chapter, investigations into another sp2 carbon material -  graphene -  using CVD 
techniques are being reported. Efforts are made into tuning a growth process for 
graphene using metal catalysts in a standard thermal CVD system. The charge transport 
properties o f the as-grown graphene were investigated at room temperature using a 
field effect transistor fabricated on a standard silicon dioxide dielectric with Si support 
(which can act as a back-gate). Subsequently, a graphene based FET incorporating 
poly-4-vinyl-phenol (PVP), a well known organic insulating layer, as an alternative to 
conventional oxide gate dielectric materials was investigated in this section.
5.1 Introduction
One area o f great interest in the field o f organic electronics is the organic transistor 
(oFET or oTFT) design and performance [154-155]. In terms o f charge mobility in 
oFET, the introduction o f good crystalline organic semiconductors [154] like pentacene 
and rubene has led to improvements in performance. Other new preparation techniques 
for gate dielectric materials, for example altering the properties o f Poly(4-vinylphenol) 
[156] by cross-linking Poly(4-vinylphenol) through estérification reactions with 
commercially available bifunctional anhydrides, acyl chlorides, and carboxylic acids 
also helped in the performance o f oTFT. Some measured mobilities (Pentacene, FCuPc, 
5,5'-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2,-bithiophene (DDFTTF) as the organic 
semiconductors) o f as high as 3 cm2/Vs has been reported [156]. Given the attractive 
charge mobility o f graphene, it presents an opportunity as an alternative material 
worthy o f exploration in this field.
76
As single layer graphene does not possess a bandgap, both electron and hole 
conduction are readily possible and the electrical characteristics o f graphene are often 
described in terms o f  a V-shaped characteristic o f current (conductivity) with gate 
voltage. The presence o f  adsorbed species, which act as doping and/or scattering 
centres, may result in a rigid shift and rounding o f the characteristic at low carrier 
densities [59]. Indeed there is currently considerable research being undertaken into 
how the associated processing and patterning o f graphene devices may adversely affect 
the electrical properties. However, the room temperature mobility o f graphene, even 
after processing, is higher than that found in organic electronic materials and opens up 
the possibility o f large area organic electronics.
From a technological point o f view, being able to produce the active layer in a roll-to- 
roll process is highly attractive and as such reports on graphene that produced using 
chemical vapour deposition (CVD) on metal foils and roll-to-roll processing is a 
significant step in this regard [71, 106]. Already a 30 inch graphene layer with high 
optical transmission and low sheet resistance has been demonstrated using a roll to roll 
CVD growth based method [71]. With these technological goals in mind, the chapter 
reports the electrical characteristics o f CVD single layer graphene grown on high purity 
copper foil and then transferred onto poly-4-vinyl-phenol (PVP), one o f the more 
commonly investigated gate dielectrics in organic FETs because it exhibits good 
insulation with low leakage density and is suitable for low cost all-solution-processing 
and print fabrication process [157-158].
Instead o f relying on the complicated and expensive e-beam lithograph, fabrication o f a 
large channel length/width (L -5 0  pm, W -1000  pm) FET structure is chosen to 
demonstrate the ease and potential for mass fabrication. Furthermore the bottom contact 
electrode topology is chosen for this investigation into the PVP gate dielectric FET 
performance as this topology has been intensively investigated in organic FET research. 
Detailed reviews on the research progress on bottom electrode contacts (and in
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comparison to the conventional top contacts) for organic FETs have been reported 
elsewhere [154, 158-159] and the references therein. This work demonstrates that an all 
organic transistor with graphene as the active layer is possible and opens up a 
competitor technology in the field o f large area electronics.
5.2 Experiments
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Figure 5.1: Recipe for growth o f graphene on Cu substrate
Copper foils (> 99% purity, mechanically polished 25 pm or 50 pm thick) were cut into 
- 1 0  mm strips in length and cleaned in a standard three stage clean (acetone, 2- 
propanol and methanol). The foils were then placed in the centre o f the quartz furnace 
(as mentioned in Chapter 3) and heated up to 1000°C under an atmosphere o f  Hz (100 
seem flow rate) for 30 minutes. Methane (150 seem) was then introduced for 45 
minutes while the furnace remained at 1000°C and after a given time the system was 
cooled down to 300°C. Below 300°C the flow o f methane was stopped and the sample 
was then cooled down to room temperature under He flow.
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Figure 5.2: (Top) Process flow  for transferring as grown graphene from the metal 
catalyst onto another substrate -  in this case SiOÿ support fo r  further processing and 
analysis. (Bottom) Graphene film  floats on the water surface after the previous step o f  
removing the metal substrate (indicated by the circle highlight). Note the arrows 
referred to water trapped underneath the glassware and reflections from  surroundings.
The graphene on Cu foil was subsequently transferred onto a SiO] (-300 nm thick) 
substrate using the PMMA transfer method as described elsewhere [10]. PMMA (Mw 
-  950K, 10% wt) dissolved in anisole or chlorobenzene, was spin-cast onto the
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sample’s surface and hardened by heating at 180°C for 2 minutes. The sample’s Cu 
support was then removed using an iron nitrate solution. The graphene/PMMA was 
dried, cleaned and transferred onto a SiOz before dissolving the PMMA under a slow  
flow o f acetone. Further annealing in He flow at 200°C was performed (30 min) and 
kept under vacuum till further use. The graphene was examined using optical 
microscope (Leica microscope) and Raman spectroscopy (Reinshaw microRaman at 
514 nm).
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Figure 5.3: Raman spectrum o f graphene with a layer o f  PMMA spun on it. Note that 
additional peaks after the Raman 2D and the higher background intensity compared to 
Raman spectra o f graphene with PMMA removed (shown later).
The Raman spectrum (Fig. 5.3) o f a graphene layer with the PMMA on it has additional 
peaks beyond the Raman 2D peak as well as higher background fluorescence, thus this 
provides a convenient reference to check on the status o f PMMA removal outcome.
For graphene based field effect transistor, the bottom contact Si back-gate graphene 
FET was produced by first evaporating Ag (100 nm thick) onto SiOz (300 nm thick) on 
silicon substrate as the source and drain electrodes (L ~50 pm, W ~  1000 pm). Next, a
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graphene film was transferred using the PMMA technique described previously. For 
the case o f  top contact topology, Ag was evaporated as the electrodes using a stainless 
steel shadow mask after graphene has been transferred onto the SiOz. Electrical I-V 
measurements were performed using a combined Kiethley 2400 with 238 sourcemeter. 
The drain voltage was set at 500 mV while the gate voltage was being swept.
5.3 Results and discussion
Experimentally, the two different thickness o f Cu did not produced observable 
difference in the Raman spectra when examined under the micro-Raman setup 
(Reinshaw micro-Raman). Two salient points were observed during the development o f  
the CVD process that is in line with other reports [106, 160]. There is minimum time 
duration for CH4 exposure to ensure complete coverage o f graphene formation on Cu 
for low pressure based thermal CVD process, which 45 min in the thermal CVD 
system.
Furthermore during the cooling down phase, if  C H 4  was switched o ff leaving only H 2  
or He or a combination o f two, there is no observable graphene formation as measured 
by Raman spectroscopy. This is different from Ni based graphene growth where 
absence o f additional hydrocarbon source is important in the formation o f graphene 
[103, 109]. This can be explained using the model proposed by Li and co-workers [108], 
where absorption and re-precipitation o f carbon by Ni help led to the formation o f  
graphene while graphene formation on Cu is a surface process, thus maintenance o f a 
hydrocarbon gas flow is necessary.
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Figure 5.4: (a) Optical image o f  graphene as grown on Cu, inset is image o f  Cu before 
processing. The fo il is not optically fla t and the different colour intensity is resultant o f  
different illumination under microscope. The black bar is 50 pm. (b) Raman spectra o f  
the G, D and 2D peaks at the three corresponding points on the optical image shown 
previously in figure la. (c) These Raman 2D peaks are examined in detail with their 
respective Lorentzian curve fittings. Blue circle ~ 2709 c m 1 FWHM ~ 37 cm'1. Red 
circle ~ 2708 cm'1, F W H M - 64 cm'1. Black circle ~ 2712 cm'1 FW HM ~ 47 cm'1.
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The optical image o f the Cu foil before undergoing processing (Fig. 5.4(a), inset) 
displayed regular a structural pattern that indicated the effects o f cold roll processing 
and polishing. After undergoing the graphene growth process, the surface o f these Cu 
foils exhibited various dark streaks (Fig. 5.4(a)), the cause o f which remains unclear. 
Raman spectroscopy was used to examine the as-grown graphene. Raman spectra (Fig. 
5.4(b)) were taken from the three locations marked in Fig. 5.4a on the Cu foil showed 
the characteristic a single 2D peak at 2710 ± 1 cm'1. The Raman spectra also showed a 
Raman D peak (-1367 cm'1) and Raman G peak (1583 cm'1), though these bands were 
accompanied by a large background signal at these Raman shifts. There was no 
observable correlation between the Raman spectra between the above mentioned dark 
patterns.
To examine the as-grown graphene using Raman spectroscopy against other published 
data, transferring o f  the film onto another substrate would be desirable. Furthermore, 
transferring the film onto other substrates would facilitate the ease o f fabrication 
electronic devices like field effect transistors. Figure 5.5(a) shows the Raman spectra 
for the graphene on SiOa collected at the point indicated (inset), where both the Raman 
D (measured at 1348 cm'1) and Raman G (1578 cm'1) peaks can be seen. The 2D peak 
in Fig. 5.5(b) can be fitted to a single Lorentzian line shape centered at 2704 cm'1 and 
full width half maximum o f 37 cm'1, confirming the presence o f single layer graphene 
after transfer [128]. Furthermore, given the relatively small Raman D peak observed on 
this sample, it seems that the transfer process did not result in severe damages or 
tearing o f  the graphene film.
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Figure 5.5: (a) Raman spectrum o f a single layer graphene indicating D and G peaks. 
Inset is optical image o f graphene on Si02 (scale bar 50 pm), (b) Corresponding 
Raman spectrum o f the same graphene with a single Lorentzian curve f i t  on its raw 
data at the Raman 2D peak.
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Figure 5.6: (a) Drain current versus gate sweeping voltage o f  silicon back gate 
graphene FET using 300 nm SiÛ2 as gate dielectric fo r  (b) top contact with the 
corresponding transfer characteristics in black, and (c) bottom contact with the 
corresponding transfer characteristics in red, FET schematics. Inset in (a) shows a top 
contact FET device with L -5 0  pm, W -  1000 pm using 300 nm Si02. All FET are back 
gate by design with Vos = 0.5 V.
To establish a benchmark charge transport properties for our graphene both top and 
bottom contact topology were employed for the graphene FETs using SiCE as gate 
dielectric (Figure 5.6(b) and (c)). Comparing the results (Figure 5.6a) for both top and 
bottom contacts SiCE gate dielectric graphene FETs, there is a marked difference in the 
drain current I d s  for the two devices. Using the standard equation for mobility
1
[5.1]
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where gate capacitance C o f S1O2 ~  11.5 nF/cm2, L (~ 50 pm) and W (~ 1000 pm) are 
dimensions o f the device, we determine the mobility o f the devices. In the case o f the 
top contact FET, the calculated typical electron mobility - 1 1 7 2  cm2/Vs for electrons 
while the calculated hole mobility -  1876 cm2A/'s, is somewhat smaller than the best 
results reported using SiC graphitzation [161] and exfoliated HOPG [56]. Incidentally, 
these reported devices were fabricated using top contact electrode topology with a 
smaller channel length.
One major difference between the two contact topologies is in the current injection 
efficiencies. In bottom contact organic FET, poorer charge injection than top contact 
FET is often observed and has been attributed to the higher contact resistance in bottom 
contacts as well as difficulty in preparing highly ordered organic films on irregular 
surfaces [154, 158-159]. While graphene itself is an ordered structure, irregularity (e.g. 
surface roughness o f underlying support) in graphene can have an impact on device 
performance [52]. Thus it is possible that similar factors may be at play for a graphene 
FET as well. From the above performance o f  the above mentioned FET, it can be 
inferred that the present thermal CVD process can produce graphene with performance 
that is reasonably comparable to other reported material performance in literature with 
this electrode topology.
For transistor with PVP as the gate dielectric, a back gate electrode geometry was 
employed in which the PVP solution was first prepared by dissolving PVP in propylene 
glycol monomethyl ether acetate (PGMEA), after which polymelamine-co- 
formaldehyde (PMF) was added as a crosslinking agent to the solution. Evaporated Ag 
(100 nm thick) on Coming glass, acting as the back gate electrode was first fabricated 
before spin-coating the PVP solution followed by a thermal curing for three minutes at 
120°C. The PVP film was then UV photo-cured for three minutes for further 
hardening. The thickness o f the PVP film was measured by AFM (Veeco Dimension) 
to be 1 pm thick. Ag was again evaporated onto the cured PVP film as source and drain
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electrodes (i.e. bottom contact electrode topology) using the same shadow mask. 
Finally, graphene was transferred over to complete the back-gate FET device 
fabrication using the same PMMA method. It was not possible to perform Raman 
measurements on graphene transferred on to PVP as this structure is transparent.
Electrical I-V measurements were again performed using the combined Kiethley 2400 
with 238 source meter. The drain voltage was set at 0.1 V while the gate voltage was 
swept forward and backward within a maximum o f ± 80 V. In general the Id -Vq 
characteristics were recorded under room temperature in ambient atmosphere or inert 
atmosphere as indicated.
Figure 5.7a and 5.7b shows drain current versus back gate voltage for the graphene on 
PVP transistor in ambient and after annealing at 80°C for 10 minutes in a N 2 
atmosphere respectively. There was no observable neutrality point (or Dirac point) in 
the range o f gate voltages employed strongly suggesting that the graphene layer may 
have some residual impurities that are doping the layer p-type. Through the 
measurement process, the applied gate voltage did not exceed ± 80 V as the gate 
leakage become significant (> 10 nA range). The gate capacitance o f PVP was 
determined independently using capacitance measurements on a separately prepared 
PVP film based capacitor structure with Ag electrodes using a Keithley CV meter to be 
~ 3 nF/cm2.
The hysteresis in the Id-Vq characteristic in Fig. 5.7a was removed by heating to 80°C 
in a N2 atmosphere glove box with a measured moisture content o f 1 ppm or less. There 
is an improvement in the conductivity and the hysteresis has disappeared, however 
there is still no evidence o f ambipolar transport after heating. This annealing 
temperature was carefully adjusted to ensure it does not exceed 80°C as it was found 
the gate capacitance changed drastically if  heated above 90°C. The carrier mobility 
could be found from the variation o f the drain current with gate voltage (average slope
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2.24 x 10~7 A/V) for a given drain voltage (VD = 0.1 V) from the previous equation
(5.1).
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Figure 5.7: (a) Drain current versus gate sweeping voltage o f  back-gate, bottom 
contact graphene FET using PVP polymer (1 pm thickness) as gate dielectric on a 
Corning glass substrate. Measurement was done in air ambient at room temperature 
and (b) measured in an inert ambient (N2) chamber after heating the device fo r  10 min 
at 80°C under N2 atmosphere. All drain source voltage is biased at Vos = 0.1 V. Note 
the more pronounced hysteresis when the device is measured under ambient in 
comparison to that measured under N2 ambient; (c) shows the microscopic image 
(under artificial lightings) o f  the device. The arrow indicates a tear in graphene.
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Figure 5.8: (a) shows the AFM  image (b) corresponding line scan profiles at the 
chosen locations on pristine Si02 surface, (c) shows the AFM  image (d) corresponding 
line scan profiles at the chosen locations on PVP surface.
Using the W ~ 1000 jum and channel length L ~ 50 jam. From the previously measured 
value of C g  = 3 nF/cm2 we find that the average (average across the entire V g s  range) 
hole mobility is ~ 37 cm2/Vs for the sample after heating. It is also observed that 
heating does not significantly alter the charge transport performance. It is possible that 
the presence of silanol groups, which are part of molecular structure in the PVP 
polymer, could affect the graphene’s intrinsic mobility (as compared to the earlier 
average charge transport mobility using top-contact electrode FET with SiCE gate 
dielectric) and be responsible for the absence of ambipolar conduction. It is known that 
in carbon nanotube field effect transistors the absence of ambipolar conduction was 
attributed to the effects of silanol groups [162]. Another factor that should be
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considered is the difference in surface roughness between the two gate dielectrics. 
Surface corrugation has been reported to have an impact on graphene’s charge mobility 
[52]. AFM measurements (shown in Figure 5.8) o f our PVP film has rms roughness ~  
3.9 nm, which is rougher than measured SiOi surface roughness ~  2.6 nm rms (wafer 
supplied by Si-Mat).
5.4 Conclusion
In summary field effect in CVD grown graphene using Cu foil for growth and 
subsequently transferred to a back gate bottom contact transistor arrangement using 
poly-4-vinyl-phenol as an alternative to oxide based insulators was investigated. In this 
study, conscious choice was made to choose a simple, inexpensive fabrication route 
that is completely compatible to current en-mass fabrication o f organic devices, to 
demonstrate field-effect mobility. An average hole mobility o f  37 cm2/Vs demonstrates 
the possibility o f a graphene based all carbon based transistor for large area electronics.
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CHAPTER 6
A p-type unipolar graphene device controlled via a DLC/Si 
heterojunction gate
As seen in the previous chapter, the use o f graphene as a charge transport layer for field 
effect (FET) devices was widely investigated given graphene’s intrinsically high 
mobility. This work continues the investigation o f graphene in the device application 
through the fabrication and electrical performance o f  a novel three terminal graphene 
based device that displayed characteristics similar to a typical p-type graphene FET. 
This device’s architecture is based on transferring graphene onto a DLC/p-Si 
heterostructure with p-Si as the back contact and DEC as the dielectric in contact with 
graphene. The resulting DLC/p-Si heterostructure provides a mechanism that can 
electrically moderate the I-V  transfer characteristics, resulting in a p-type only 
conduction in graphene that also displayed electrical current saturation in the 
experimental Ids-Vgs transfer characteristics o f the device. The dopant-free p-type 
behaviour o f the device gives rise to a pseudo graphene FET that shows unipolar 
characteristics.
6.1 Introduction
As reported in Chapter 2, earlier under the graphene review section, investigations into 
the use o f graphene as frequency multiplier [65] and graphene field effect transistor 
(GFET) for logic gate functions have already been reported in the scientific literature 
[66]. While these devices are able to take advantage o f  ambipolar transport 
characteristic o f  graphene, it has been argued that two parameters: (a) unipolar charge 
transport, and (b) saturable current output characteristics in graphene based electronic
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devices would help to promote the application o f graphene towards more complicated 
circuit design and logic functions [163].
The realization o f unipolar transport in graphene has previously been demonstrated 
through the molecular doping via the adsorption o f gaseous species such as gaseous 
nitrogen or oxygen that causes a shift in the Dirac point, thus resulting in n-type or p- 
type transport in FETs [130]. Increase in hydrogen chemisorption can give rise to new  
phases o f  graphene with defined bandgap and unique optoelectronic properties [164]. 
Use o f chemicals like diazonium and poly(ethylene imine) [165] are alternatives to 
doping and promotion o f either n-type or p-type transport in FET. In Chapter 5, the use 
o f a polymeric gate dielectric also demonstrated another route to achieve p-type only 
charge transport in graphene FET. Besides these techniques, the choice o f metals for 
electrical contacts can also affect the performance o f  FET. Studies on metal-graphene 
interactions have indicated that metals can influence the position o f Dirac point [166]. 
Furthermore, active metals such as Co and Ni can also cause saturation in FE T s  
transfer characteristics [167].
This chapter reports a novel graphene based three terminal pseudo FET. The crucial 
difference between a standard Si back-gate FET and in the fabricated device reported in 
this chapter is that the modulation o f charge transport is through the graphene channel 
via a diamond-like carbon (DEC or aC:H) -  Si heterostructure. DEC consists o f  a high 
fraction o f disordered sp3 hybridized carbon with varying quantity o f  sp2 carbon [168]. 
Early reports on DEC have focused on using DEC as electronic material for 
applications ranging from field emission [169] to FETs [170]. There was also the 
phenomena that heterojunction formed between Au/DLC/Si has also been observed to 
lead to a diode like behaviour [171].
Previously, Wu et al. demonstrated a top gated FET design where DEC has been used 
as a substrate support [64]. In the work described here, the DEC support layer is used 
as a dielectric for a FET design instead. The device architecture is achieved through the
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transfer o f  graphene onto a DLC film deposited onto a p-Si wafer. The p-Si is used as 
the back gate for the resulting 3-terminal graphene device (pseudo-GFET) which 
displays transfer characteristics that are essentially p-type in nature. Saturation (or 
distortion as described by Nouchi and co-workers [167]) o f  the Ids-Vgs transfer 
characteristics is achieved through the bias control o f the Au/DLC/p-Si diode formed 
through the deposition o f DLC on Si.
6.2 Experiments
DLC was grown using a plasma enhanced CVD (PECVD) process with the commercial 
tool (Surrey Nano System) using a previously reported process with the substrate placed 
on the RF electrode[172]. In brief, a pre-cleaned p-doped silicon wafer was placed on 
the power electrode and C2H2 diluted with FL (by 1:2 volume ratio), was flown into the 
chamber as the hydrocarbon source (pressure o f  150 mTorr). A  50 W RF plasma was 
applied for the growth o f the DLC thin film. The thickness o f the DLC as measured 
from an Alphastep profilometer was observed to be 160 nm. Raman spectroscopy 
carried out using a Renishaw micro-Raman system with an Ar+ laser (excitation 
wavelength o f 514.5 nm) was used to characterize the as-grown DLC.
Graphene was prepared through thermal chemical vapour deposition (CVD) with Cu as 
the metal substrate/catalyst as previously described in Chapter 5. In brief, graphene is 
grown at 1273 K on Cu using C2H2 as the carbon source, and subsequently transferred 
onto a DLC/p-Si substrate prepared using the technique mentioned previously. The 
transfer o f graphene was carried out either through the use o f  the PMMA technique 
[104] or by directly ‘fishing’ it onto the DLC/p-Si substrate upon dissolving the 
underlying metal substrate (without any polymer mechanical backing) used for growth. 
The as-grown graphene was also transferred onto a Si wafer with a 300 nm thick SiC^ 
layer for subsequent Raman spectroscopic analysis.
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For pseudo-FET device fabrication, the steps are as follows: 1) DEC is deposited onto a 
p-Si wafer as before, 2) free standing graphene is transferred onto this DLC/p-Si 
surface as before, and finally Au with a thickness o f ~  100 nm was evaporated as the 
source/drain metal contacts/electrodes with a channel length o f L ~  50 pm (and W ~  
1000 pm) on top o f  graphene/DLC/p-Si wafer. As stated previously, the p-doped 
silicon was used as the back contact o f the pseudo-FET device. All electrical 
measurements were performed in ambient temperature and normal laboratory 
environment using a Keithley 4200 SCS.
6.3 Results and discussion
The Raman spectrum o f graphene transferred onto a SiCVSi substrate is shown in 
Figure 6.1a. The spectrum indicates the normally observed G peak due to the in-plane 
vibration o f C=C bonds in the hexagonal sp2 system and a weak D peak [128]. The 
observation o f a D peak which indicates the presence o f defective hexagonal sp2 
regions in graphene is most likely due to the formation o f grains which leads to a 
disruption o f the graphene structure o f  the film. The Raman spectrum o f  DEC 
deposited onto Si substrate is also shown in Figure 6.1b. As is commonly observed in 
DEC films, this Raman spectrum consists o f two broad D and G peaks due to the 
disordered and amorphous nature o f the material [168]. Previously, works on 
correlating the visible Raman spectra o f carbon materials with an increasing 
(decreasing) o f sp3 (sp2) content were compiled [168, 173]. It is important to note that 
this ‘amorphization’ trajectory (constructed from these Raman spectra data) indicating 
the trend o f changing from sp2 to sp3 is not necessary unique, but it does provide an 
approximate view on the properties o f the DEC [168].
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Figure 6.1: (a) Raman spectrum o f  graphene transferred onto Si02/Si substrate, 
indicating the presence o f  single layer, (b) Raman spectrum o f  DLC grown on Si 
substrate, with two Guassian curve fittings indicating the convoluted D and G peaks 
which are typical o f  amorphous carbon films.
Accordingly, the combination of low ratio of Id/Ig (~ 0.3) and the position of the 
Raman G (~ 1527 cm '1) indicate that the sp' content is between 30 % to 60 % range.
95
This meant the as-grown film is not graphitic or nano-graphitic, but within the aC:H 
families [168]. The as-grown DLC is found to be ‘quite hard’ -  an informal test by 
scratching the surface with a diamond scriber, indicating the H content in the DLC is 
not exceedingly high, else the DLC will be a soft polymer-like film.
The measurements o f the transfer characteristics o f FET devices based on a bottom 
gated, top-contact device architecture is shown in Figure 6.2a. Measurements were 
carried out under different drain biasing using with the source grounded. The resultant 
curves showed a similar profile for source drain voltages up to lOOmV DC. Several 
important observations can be made from the results presented in Figure 6.2a (with the 
corresponding schematic o f the device in figure 6.2d). These include that the device 
does not display a clear Dirac point in the transfer characteristics. If any such point was 
to exist, it should be at voltages higher than 40 V (the maximum voltage studied). Due 
to the absence o f  a Dirac point, the n-type also appears to be suppressed with the 
characteristics due to whole transportation being prevalent even under positive gate 
biasing. Furthermore, the transfer characteristics display some form o f saturation-like 
behavior. The behavior observed is analogous to a p-type Si-MOSFET inverter logic, 
where high VgS (VgS is positive) produces a lower value o f Ids compared to a low  V gs 
(VgS is negative) which results in a higher Ids output.
Studies on metal-graphene interactions indicated the graphene can be doped by the 
metals such as Co [166], Ti [163] when used in place o f  Au as the source/drain contacts. 
This leads to saturation in drain current Ids (especially pronounced when VgS < 0V) in 
the transfer characteristics o f  a short channel GFET. These studies propose that the 
electrical current distortion and saturation observations result when these metals 
interact with oxygen, and subsequently form a metal-oxide interface with the 
underlying graphene. Since our device using only Au as metal contacts, this mechanism  
can possibly be discounted.
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Figure 6.2: (a) Transfer characteristic ( fs  -  Vgs), at two different Vds bias, o f  the 
fabricated GFET device. Figure b) shows the T V  characteristics o f  a Au/DLC/p-Si 
diode heterostructure with the corresponding device schematic in figure 2f, c) is the 
microscopic image o f  a top-contact Au on graphene/DLC/p-Si FET structure (under 
artificial lighting) with the corresponding device schematic shown in d), and e) shows 
the fla t band diagram o f  the back-gate DLC/p-Si heterojunction [171]. Note the 
difference in the turn-on voltages between a Au/DLC/p-Si structure versus the back- 
gate DLC/p-Si heterojunction in GFET. F E T’s L -  50 pm and W ~ 1000 pm.
In order to understand these anomalous characteristics, I-V  characterization of the DLC 
film was carried out based on a sandwich structure on a p-type Si substrate with 
evaporated Au as the top contact. The use of Au as a top contact is believed to lead to 
an ohmic contact while the use of p-Si is expected to lead to the formation of a 
heterojunction [171] (see figure 6.21). During the forward biasing of the device (DLC
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negative w.r.t. p-Si), holes are injected from p-Si into DLC while during reverse 
biasing trapped electrons are liberated from DLC (and injected into Au) leading to 
increased electron-hole pairs and subsequent avalanche breakdown which is observed 
experimentally to be reversible. Looking at the gate leakage current o f the GFET and 
comparing this against the I-V  characteristics o f the Au/DLC/p-Si diode device offers 
some interesting salient points. When Vgs < OV, the gate current Igs displayed a 
characteristic similar to that o f the Au/DLC/p-Si breakdown behavior that was 
observed in figure 6.2b. Correspondingly, a large upward jump in the Ids values is also 
observed (compared to that when Vgs > OV). This behavior may be explained as 
follows: during negative gate biasing, the graphene channel allows the transportation o f  
holes. However, once the p-Si gate has been sufficiently biased a fraction o f holes that 
is transported in graphene are now injected into the DLC, resulting in the initiation o f  
breakdown o f  the Au/DLC/p-Si diode and henceforth the observed behavior o f the 
GFET’s Ids-Vgs when Vgs < OV. There is a noted difference in magnitudes o f  the 
currents between an Au/DLC/p-Si structure versus GFET when Vgs < OV. From studies 
on organic FET, it has been reported that graphene is a better charge injections than 
metal contacts [174-175]. Thus a similar mechanism may be at work here, causing a 
discrepancy between the different current magnitudes in the two devices.
When the gate voltage is biased positively (Vgs > OV), unlike the Au/DLC/p-Si 
structure, the corresponding turn-on voltage in the GFET is noticeably at a much higher 
value. This implied there is no large inject o f  electrons into the DLC from p-Si in the 
GFET device. This expected lack o f injections o f electrons into the DLC from p-Si 
corresponded to the rather fiat Ids behavior as shown in figure 6.2a. Thus this implies 
that DLC dielectric seems to be inhibiting the ‘normal’ modulation o f channel current 
(Ids) in graphene under an applied sweeping Vgs if  there is no injection (or extraction) o f  
charges due to the back-gate DLC/p-Si heterojunction structure. Furthermore, there is 
also presence o f a significant hysterisis was also observed in the transfer characteristics 
o f the GFET. Previous work on graphene FETs on a SiOi gate dielectric has indicated
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that charge trapping at the graphene/SiOa interface as the possible cause for such a 
hysterisis [176]. As DLC is known to have large traps and defects [177], a similar 
mechanism can be thought o f  to result in the hysteresis observed in this work. Besides 
causing hysterisis, it has been observed that the performances o f  ON-OFF ratio and 
electron transport for a graphene in a field effect device are also influenced by the 
presence o f  traps and defects in dielectrics [178], which accordingly the ON-OFF ratio 
can fall under two when trap charges increase towards the 1013~1014 cm"2 range. Thus, 
our device’s poor ON-OFF ratio may be due to the presence o f such trap states in the 
DLC dielectric used.
In addition to the discussed Ids -  VgS transfer characteristics o f graphene due to the 
presence o f the DLC/p-Si heterojunction and DLC dielectric itself, the possibility o f  p- 
doping o f  graphene due to the DLC should also be considered. The formation o f CO 
bonds in graphene has previously reported to lead to p-type only conductivity in 
graphene [179]. The presence o f C and O in the DLC film, which was prepared by 
depositing a layer o f DLC on quartz using the above mentioned PECVD process, was 
observed in the infrared (IR) measurements (using Nicolet FTIR) as shown in figure 
6.3a. Furthermore, a blue shift in the Raman 2D peak o f graphene on a DLC substrate 
in comparison to the Raman 2D peak o f graphene on SiOz surface also indicates the p- 
type doping o f graphene by the underlying DLC. Thus, a combination o f these two 
factors may also lead to a distinct lack o f n-type conduction in our graphene device.
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Figure 6.3: (a) IR measurement o f  DLC on quartz, indicating the presence o f  various 
CH and CO bonds in the amorphous film, (b) Blue shift in Raman 2D peak when 
graphene is transferred on DLC as compared to when graphene is transferred onto a 
Si0 2  surface.
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Finally the mobility o f the device is determined using the previously mentioned 
equation [5.1] in Chapter 5. For the given voltage bias o f  lOOmV, within the range o f  
V gs = ± 10V, the mobility was found to be ~  32 cm2A/'s which indicated a much 
reduced value compared to that commonly observed for SiOi gate dielectric based 
graphene FET [56]. However, this value is comparable to that observed in previous 
chapter’s study on graphene FET with organic dielectric. This may also be attributed to 
the presence o f traps and defects in DLC which can greatly affect the mobility in 
graphene [178].
6.4 Conclusion
In conclusion, this section reported the fabrication and electrical performance o f a 3 
terminal graphene based device that displayed characteristics similar to a p-type 
graphene FET. While past investigations o f distortion and saturation in Ids-VgS 
characteristics o f graphene FET indicated that metal-graphene interaction may be the 
underlying mechanism, our device operation is based on the design transferring 
graphene onto a DLC/p-Si heterostructure with Si as the back contact and DLC as the 
dielectric in contact to graphene. The insulating nature o f undoped DLC prevented 
electrical short circuit formation between the top Au/graphene with the Si back contact. 
Thus this provided a mechanism for the DLC/p-Si heterojunction to remotely moderate 
the Ids-Vgs characteristics electrically, resulting in a p-type only conduction in 
graphene that is also saturable.
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CHAPTER 7
Photo-thermal growth of graphene on Ni
Following the work on the previous chapters on using conventional thermal CVD for 
graphene growth, it is natural to explore the possibility o f using the previously 
mentioned PT-CVD to develop a graphene growth process. It was found that the non- 
thermal equilibrium nature o f PT-CVD process resulted in a much shorter duration in 
both heating up and cooling down, thus allowing the reduction o f the overall growth 
time for graphene compared to standard thermal chemical vapour deposition (T-CVD) 
but without reduction in the quality o f the deposited graphene film.
Furthermore, in comparison to that in the conventional T-CVD process, graphene 
formation under PT-CVD is much less sensitive to cooling rate. Growth on Ni also 
allows for the alleviation o f hydrogen blister damage that is commonly encountered 
during growth on Cu substrates. To characterize the film’s electrical and optical 
properties, we further report the use o f pristine PT-CVD grown graphene as the 
transparent electrode material in an organic photovoltaic device (OPV) with poly(3- 
hexyl)thiophene (P3HT) / phenyl-C61-butyric acid methyl ester (PCBM) as the active 
layer where the power conversion efficiency o f the OPV cell is found to be comparable 
to that reported using pristine graphene prepared by conventional CVD.
7.1 Introduction
Recently, graphene has been utilized for a wide variety o f applications, including as the 
transparent electrodes for organic solar cells [180] and fuel cells [181], amongst others. 
While the popular fabrication technique is to produce single layer graphene by 
mechanical exfoliation, this method is not amenable to large scale production o f  a large 
area film. Chemical routes, such as those based on Hummers’s oxidation method [182],
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have also been explored as a method for large scale graphene production, however the 
quality o f the resultant film is lower compared to that found in using exfoliation 
process due to the presence o f residual oxygen moieties on the surface. Graphene 
synthesis by sublimation o f single crystal 4H-SiC [92] is another popular alternative 
which has been demonstrated to produce high quality single layered graphene. 
However, the cost o f this process is very high due to the use o f  single crystalline SiC 
and the size is limited. By contrast chemical vapour deposition (CVD) has emerged as 
the leading growth method that is inherently scalable for large area film production. A  
second key advantage o f using CVD based methods is the ability to dissolve the 
underlying metal for transferring graphene to an arbitrary substrate [104]. To date Ni 
[104] and Cu [106] are two common choices used in non-UHV CVD growth o f  
graphene.
Previously in Chapter 4, demonstration o f carbon nanotube synthesis by the photo- 
thermal chemical vapour deposition (PT-CVD) method was reported. The experience in 
using rapid thermal processing in Si fabrication has shown that unlike conventional 
resistive heating, the use o f a rapid optical heating under vacuum meant the growth 
process is in non-thermal equilibrium with a large thermal gradient between the sample 
and surrounding process chamber [183]. Since this surface radiant energy deposition 
can be affected by a variety o f factors like wavelength dependent absorption o f the 
thermal energy, reflections o f thermal energy from the enclosing vacuum chamber 
among others, the mechanism is still not well understood [183].
Despite this, it is felt that this growth technology may possibly offer several 
technological advantages over conventional CVD especially in graphene growth. While 
most reported graphene CVD growth uses a hot-wall system, there is an advantage o f  
using cold-wall CVD instead as deposition on side-walls leading to sample 
contamination can be minimized [183]. Furthermore, it was observed that photo­
induced rapid thermal processing reduces the overall process time due to a very much
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shorter duration for both heating up and cooling down, and that the graphene formation 
under PT-CVD seems much less affected by the much faster cooling rate. As pointed in 
Chapter 2, this is important for metal catalysts that have relatively high carbon 
solubility.
In this present work, PT-CVD is used to demonstrate grow graphene growth on a 
polycrystalline Ni substrate using acetylene as the hydrocarbon source with much faster 
turnaround process time than a standard thermal CVD. Ni has been used in this work 
since it allows for the alleviation o f hydrogen blister damage that is commonly 
encountered during growth on non-oxygen free Cu substrates.
7.2 Solar cell basics
As part o f the investigations reported in this section, an organic solar cell (OPV) was 
fabricated with the graphene acting as a transparent conductive electrode. Here a 
review on the basic operations o f an organic solar cell as well as the salient parameters 
used for the characterization o f such a device is discussed. At present, several different 
types OPV architectures are actively being investigated [184-185]. For the current work, 
the fabricated OPV is based on the bulk heterojunction OPV design as shown in the 
following diagram.
Figure 7.1 shows a qualitative explanation o f the principle OPV by breaking into four 
distinct steps:
1. When a photon incident onto the organic donor material, an exciton (electron- 
hole pair) is created as the electron is excited from the highest occupied 
molecular orbital (HOMO) into the lowest unoccupied molecular orbital 
(LUMO).
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2. The exciton diffuses into the interface of the two organic materials - donor and 
acceptor layer.
3. The exciton is dissociated at the interface.
4. The separated electric charges diffuse to the OPV’s electrodes, thereby 
generating energy for external work done.
LUMO
HOMO
acce ptor catho de
4 LUMO — , Q
LUMO
H O M O  :
U  + H O M O
anode donor acceptor cathode
Figure 7.1: Basic principle o f  OPV [186].
In practice, the bulk heterojunction OPV would have a typical schematic as follows, 
where it is clearly seen that the donor and acceptor layers are actually blended into a 
single layer (as shown in Figure 7.2). To characterise the performance of such a solar 
cell, the cell’s IV characteristics is taken with and without light illumination. Ideally, a 
solar cell operates like a diode in parallel with a current source. In the absence o f sun 
light, the IV curve resembles that of a diode. Under solar illumination, the absorption of 
light generates a current. Figure 7.3 shows a typical IV characteristic under the various 
conditions and the electrical model of the OPV cell:
LUMO
anode donor acceptor cathode
LUMO 3
anode donor acceptor cathode anode doner
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g l a s s
Figure 7.2: Schematic o f  a (a) bilayer with planar heterojunction OPV and that (b) 
bulk heterojunction OPV in which the active layer is blended into a single layer [187j.
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Figure 7.3: (Top) IV  characteristic o f  OPV under dark and solar illumination. Both 
graphs showed the same data set but were plotted with linear (left) and semi-log (right) 
scales respectively [187j. (Bottom) shows the equivalent circuit model o f  an OPV cell 
[188J. Note that the parameters o f  the model can be fitted  into the IV  characteristic o f  
the OPV by assuming a modified Shockley equation.
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By measuring the incident solar radiation, the power conversion efficiency (PCE) is 
calculated as follows:
PCE,?i = F F x J 'cXV"c [7.1]
PL
where j sc is the short circuit current, V0c is the open circuit voltage and P l is the 
incident light illumination. These are defined as shown in the Figure 7.3. The fill factor, 
FF, is defined as the ratio o f  maximum measured power to maximum theoretical power, 
in effect this factor measures the ‘squareness’ o f the I-V characteristic under 
illumination.
7.3 Experiments
The main tool for this work is the PT-CVD system (Surrey Nanosystem SNS 
NanoGrowth 1000) as described in Chapter 3. N i foil (25 pm thick) was first cleaned 
by acetone, IP A and methanol and placed on the substrate holder. At a base pressure o f  
better than 10"2 Torr, a mixture o f  Ar /Fh (total o f  lOOsccm) was introduced. The IR 
lamp is switched on simultaneously for duration o f 5 min to anneal the Ni foil to reduce 
any oxide on the surface. Maintaining the temperature at 700°C, the Ar/FF mixture was 
switched off and C2H2 (2 seem) was introduced for 5 sec. It is observed that increasing 
the duration o f C2H2 tend to result in multi-layer graphene growth dominating the 
surface o f Ni. This is consistent with earlier mentioned fact that N i has high carbon 
solubility. After the growth period, both the IR lamp and the C2H2 flow were switched 
off and Ar/Fb mix was re-introduced in order to cool the sample down to room 
temperature at a rate o f approximately ~  100°C/min. The effect o f dilution o f C2H2 with 
H2 was also carried out but no observable difference in the film quality or surface 
coverage was detected by subsequent Raman spectroscopy.
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The as-grown graphene sample on Ni foil was examined first both optically and using 
Raman spectroscopy (Renishaw microRaman, 514 nm Ar+ laser). Afterwards, the 
graphene layer was transferred onto SiO] (300 nm)/Si substrate using either the PMMA 
based transfer technique mentioned in Chapter 5 or through direct lift off from a Ni 
etchant solution (Alfa Aesar commercial Ni etchant). Further Raman spectroscopic 
analyses were carried out on the graphene upon transferred to SiOj. Graphene was also 
transferred onto a TEM holey grid (Agar) for examination using a Hitachi HD2300 
Scanning Transmission electron microscope (STEM). Optical transmission properties 
of the film were investigated using a Cary 5000 UV-Vis spectrometer and electrical 
characterization was performed using a Kiethley 4200 semiconductor characterization 
system.
Finally, the graphene film prepared by PT-CVD was used as the transparent electrode 
in an organic photovoltaic (OPV) device. The OPV device is fabricated using the 
previously reported process [189].
Graphene transferred 
onto glass substrate
Slow dry & annealing in N2
Thermal evaporate BCP
Spin-coat
PEDOT:PSS (ethanol)
G
Spin-coat P3HT-PCBM
________
Thermal evaporate Al
Figure 7.4: Flowchart o f  overall OPVfabrication steps
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First graphene is transferred onto a glass substrate, followed by using the ‘spin and 
drop’ technique to coat the graphene’s surface with a PEDOT:PSS at 500 rpm for 40 
sec. After this, the active layer o f P3HT:PCBM (in dichlorobenzene) is spin-coated 
onto at 750 rpm for 1 min. This is then left to dry for 1 hour and subsequently annealed 
at 110°C for 15 min. BCP (2 nm thick) and Al (70 nm thick) were then thermally 
evaporated sequentially to form a hole blocking layer and as the electrode respectively. 
All the fabrications were performed in a N 2 glove-box to minimise exposure to 
ambient. The OPV device was characterized with a solar simulator operating under AM  
1.5G illuminations. Solar simulator was calibrated with a Newport reference cell. A  
Kiethley 2400 sourcemeter was used for as the electronic load for measurements.
7.3 Results and discussion
As discussed in Chapter 2, there are two main proposed growth mechanism for the 
formation o f  graphene on metal catalysts: 1) carbon dissolution-précipitation, and 2) 
direct deposition o f graphene using catalysts with negligible carbon solubility. While 
the lack o f  in-situ experimental tools prevent direct observations and verification o f the 
growth mechanism in PT-CVD, it is possible to consider the following simple model to 
assist in providing insights to the plausible mechanism for graphene formation.
Considering that N i is used for the study in this section, it would be important to 
consider the solubility o f carbon in Ni at the desired processing temperature and time. 
Using the solution for Pick’s second law o f  diffusion [190] as follow:
C- %  = ( ! - « / ( — ï = ) )  [7.2]
C s u r f  ~  C i  2 4 B t
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where D is diffusion coefficient o f carbon in Ni, x is depth o f diffusion into Ni, t is 
time, Cj is initial carbon concentration in Ni, Cx is carbon concentration at depth x, CSUrf
Values o f diffusion coefficients o f carbon in N i are obtained from [191]. The following 
assumptions are also made, 1) there is no initial carbon concentration in Ni, and 2) a 
constant concentration o f carbon is present at the surface o f N i due to decomposition o f
for mathematical convenient, thus any resultant carbon profile in subsequent analysis 
would only imply an underestimation o f carbon concentration in Ni. As for the second 
assumption, this is fulfilled by the use o f acetylene instead o f CH4 to provide the 
constant o f source o f carbon since pyrolysis o f acetylene can take place between TOOK 
to 1200K [192], within the range o f PT-CVD processing temperature. Furthermore, it is 
also known that N i ( l l l )  on a polycrystalline N i surface can assist in breaking C-C 
bond, which has a lower energy barrier than C-H bond [193-194]. Saturation o f the Ni 
is not expected during the growth process due to the small C2H2 flow rate (2 seem) with 
short time duration (5 sec), and the relatively thick Ni foil (25 pm). In additional, 
graphene formation was not experimentally observed when the N i sample underwent 
the same PT-CVD growth process without the presence o f any carbon feedstock. This 
indicates the absence o f graphene formation via carbon segregration process from the 
initial carbon concentration inside the Ni sample, which has previously been reported 
as an alterative method for growing graphene [195].
Using this simple model (Figure 7.5), at 700°C after 5 sec, the concentration o f C is 
within 80% o f the carbon concentration at the surface. Thus carbon can be absorbed 
into the Ni during this elevated temperature, and together with the initial carbon 
concentration inside Ni before undergoing the growth process, can subsequently
is the arriving carbon on the surface o f  N i and erf() is the Gaussian error function:
[7.3]
the carbon feedstock. The assumption o f no initial carbon concentration in Ni is merely
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precipitate to the surface of Ni, forming graphene upon cooling. Thus this indicates that 
graphene formation via the carbon dissolution-segregaton-precipitation route is more 
likely than direct deposition of graphene. Attempts to use direct deposition of graphene 
instead of the carbon dissolution-segregaton-precipitation route through the use of a 
low carbon soluble catalyst like Cu under the PT-CVD process (~ 700°C) has so far 
failed to produce graphene. To the author's knowledge, demonstration of this direction 
deposition route at low temperature (< 600°C) for Ni is restricted to UHV-CVD 
processes [196].
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Figure 7.5: Diffusion profile o f  carbon in Ni at different temperature. Carbon 
concentration is calculated as a fraction o f  Csurf.
Figure 7.6a and 7.6b show the optical image (Leica microscope) of graphene on the Ni 
foil upon PT-CVD growth and its corresponding Raman spectra (respectively). Dark 
boundaries are observed on the surface of the Ni foil that were previously absent in the 
pristine Ni foil as received from the supplier (inset of Figure 7.6a). The straight lines 
running across the pristine Ni foil is believed to be due to the cold-rolling process used 
for the production of the metallic foil. It is observed ‘boundaries’ in the foil after the
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growth process. While the origins of these await further investigations, these 
boundaries may potentially lead to a discontinuous graphene film.
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Figure 7.6: (a) Optical image o f the graphene as grown on Ni foil. Inset is the Ni fo il 
before undergoing the growth process. The film  surface seems to exhibit ‘boundaries ’ 
that maybe related to the grain size o f  the underlying Ni foil, (b) Raman spectra at the 
corresponding points o f  the optical image in (a). Points A and B on figure left (a) 
correspond to the Raman spectra o f  A and B in figure right (b) respectively Note the 
wider FWHM in the Raman 2D peak measured on the darker pattern on the sample 
which may be indicative o f  a few  layer graphene, (c) Optical image o f  the graphene 
after transferred on a 300 nm Si02 wafer, (d) Raman spectra at the corresponding 
points on the graphene. Points A, B and C on figure (c) correspond to the Raman 
spectra o f  A, B and C in figure (d) respectively. The Raman spectra indicated that the 
film  has few  layer graphene on certain places, thus the film  may not be completely 
single layer. Furthermore, some places have a higher Raman D peak indicating defects 
in the graphitic structure. It is not clear i f  the defects are inherent in the growth 
process or the result o f  damages caused during the graphene transfer from  Ni to Si02. 
Bar scale 100 micron.
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One possible cause may be due to different thermal expansions between graphene and 
Ni during the growth process [103-104]. Graphite is known to have a different thermal 
expansion profile [197] from that o f N i [198]. It is noted with interest that in Chapter 5, 
a similar exhibition o f ‘dark streak-lines’ were observed on Cu foil after undergoing the 
graphene growth process, but no ‘boundaries’ were observed on the Cu foils.
The Raman spectrum at the boundary line as indicated in the optical image (Fig 7.6 (b)) 
shows a higher I(G)/I(2D) ratio, indicating the possibility o f few layer graphene [199]. 
Furthermore, the FWHM o f the 2D peak is wider (some o f these sites’ FWHM 
approximated to ~  90 cm'1) compared to a region away from the boundary. This further 
indicate a possibility o f a higher graphene layer count at the boundaries than at sites 
away from the boundaries as is often observed in CVD growth o f graphene using Ni as 
catalyst [103].
Dark boundaries are observed on the surface o f the Ni foil that were previously absent 
in the pristine Ni foil as received from the supplier (inset o f figure 7.6a). The straight 
lines running across the pristine Ni foil is believed to be due to the cold-rolling process 
used for the production o f the metallic foil. It is observed ‘boundaries’ in the foil after 
the growth process. While the origins o f these await further investigations, these 
boundaries may potentially lead to a discontinuous graphene film upon cooling after 
the growth process [103-104]. The Raman spectrum at the boundary line as indicated in 
the optical image (Fig 7.6 (b)) shows a higher I(G)/I(2D) ratio, indicating the 
possibility o f few layer graphene [199]. Furthermore, the FWHM o f the 2D peak is 
wider (some o f these sites’ FWHM approximated to ~  90 cm"1) compared to a region 
away from the boundary. This further indicate a possibility o f a higher graphene layer 
count at the boundaries than at sites away from the boundaries as is often observed in 
CVD growth o f graphene using Ni as catalyst [103].
The as-grown graphene was transferred onto SiOz (300 nm thickness)/Si for further 
examination. Optical image o f the film and Raman spectra at selected sites on the film
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are shown in Figure 7.6c and 7.6d. A FWHM of 38 cm'1 (by fitting with a single 
Lorentzian) for the 2D peak (2695 cm'1) o f the Raman spectrum indicates the presence 
o f single layered graphene [128], while some sites on the film also indicated a higher 
defect (more pronounced D) peak which may be due to the exposure to acid etchants 
used to remove the underlying metal catalyst [200]. While there remains a possibility 
that the graphene may be damaged during the transfer process, the observation o f a low  
I(D)/I(G) ratio o f graphene on Ni foil compared to the D peak o f  the same graphene 
film upon transferring to SiC^/Si provides some support for the hypothesis o f acid 
induced damage. However, in comparing our film to graphene films formed by 
chemical routes, the Raman the I(D)/I(G) is still lower [201] and is comparable to 
graphene grown by the more commonly reported hot wall CVD method [103-104].
The position o f the Raman 2D peak is also higher compared to exfoliated graphene 
from HOPG (~ 2640 cm'1) but is still consistent with other reported CVD grown 
graphene [104, 106]. One reason for the difference in the thermal expansion between 
graphene and Ni during the cooling stage causes a strain in the graphene lattice, 
resulting in a shift in Raman 2D ’s peak position [202]. There have been other reports 
that cite the doping o f graphene by HNOg (a component in our commercial N i etchant 
solution) [71] and the substrate effect [203] as additional causes contributing to this 
shift.
It is also observed that the graphene film also exhibits Raman spectra characteristic o f a 
few layered graphene at other sites, indicating that the film is not a single layer at all 
sites. It is also observed that in some o f these sites, the Raman 2D peak exhibits a 
single Lorentzian peak but with a wider FWHM (up to ~  70 cm'1). It has been argued 
that CVD grown few-layers graphene may exhibit characteristics similar to turbostratic 
graphene resulting from the absence o f long term order in the c axis as compared to 
HOPG’s ordered AB stacking [113, 125, 204]. To further investigate this observation, 
selected area electron diffraction (SAED) patterns o f the graphene film on a TEM holey
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carbon grid were obtained (Figure 7.7). This confirms the earlier observations that the 
PT-CVD grown film has the hexagonal symmetry that is characteristic of graphitic 
material as there is in general, a lack of ring-like diffraction patterns which are 
associated with random stacking in either amorphous polycrystalline or thick graphitic 
carbons.
The existence of faint secondary diffraction spots (as indicated by the arrow) may be 
attributed to mis-orientation between adjacent layers providing further support to the 
turbostratic nature of the PT-CVD grown few layered graphene [104]. However, the 
possibility that this may also be a result of the electron beam damage during electron 
microscopic analysis cannot be dismissed, as the electron beam incidence is not 
perpendicular to the sample. The implication of a non-AB stacking bilayer and few 
layer graphene may indicate that the electronic properties are actually similar to single 
layer graphene.
a) b) c)
• •  •
Figure 7.7: The electron diffraction patterns (SAED) measured at three random points 
o f a graphene film  on a TEM holey carbon grid, showed the hexagonal symmetry that 
is characteristic o f  graphitic materials. Note the secondary diffraction spots (arrows in 
image c) may have been resulted from mis-orientation o f  adjacent graphene layers 
indicating that the CVD growth few  layer graphene may be turbostratic.
It has been previously noted that using hot wall CVD for graphene growth, the cooling 
rate was deemed to be critical in controlling the number of graphene layers formed on 
the Ni surface. The PT-CVD system exhibits a nominal cooling rate of ~100°C/min 
under the flow of H2 and Ar. While this cooling rate is an order of magnitude faster
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than the more commonly reported rate o f ~  10°C/min for standard thermal CVD [103], 
there is no observe o f  large Raman D peak which have been previously attributed as a 
manifestation o f rapid cooling (> 20°C/min) that did not allow sufficient time for 
carbon to diffuse to the surface and achieve better crystallinity in time [103]. It is noted 
that since the growth process reported in this section is essentially in non-thermal 
equilibrium (i.e. thermal energy is rapidly applied and withdraw without the entire 
system reaching thermal equilibrium) unlike standard thermal CVD, a direct 
comparison between the two different processes may not be completely accurate.
To further characterize and illustrate the potentials o f the graphene film’s electrical and 
optical properties, fabrication o f an organic solar cell (OPVs) using the pristine (non- 
chemically modified) graphene was also performed. Previous works [180, 205] have 
indicated that the hydrophobic nature o f pristine graphene and its inherently higher 
sheet resistance [4] can hinder the performance o f graphene based OPV cells unless 
additional method like chemical modification o f graphene with PBASE [180], AgClg 
[205] and HCL/HNO3 compounds [200] are used. These chemicals were reported to 
have improved both the conductivity o f graphene and reducing the hydrophobicity. 
Since the aim was to establish if  the PT-CVD grown pristine graphene can have 
comparable performance to graphene grown using standard thermal CVD, no process 
optimizations were taken to maximize the OPV’s performance.
Investigation o f  the optical transmission o f the graphene film was measured by 
transferring the as-grown film onto a glass substrate using the PMMA technique as 
before and then examined using UV-VIS absorption/transmission studies. It is observed 
that the optical transmission o f  the graphene film is above 90% within the range 300 to 
800 nm which is a significant improvement over ITO (Figure 7.8a) [69]. The sheet 
resistance o f the graphene film was also measured to be ~  790 Q/sq (Kulicke and Sofia 
four point measurement system). This falls within the range o f the previously reported 
sheet resistance values [69, 106].
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Figure 7.8: a) Optical transmission measurement o f  graphene on glass substrate using 
UV-VIS setup; b) shows the hydrophobic nature o f  graphene surface (transferred onto 
a glass substrate) with water versus c) the good wetting o f  ethanol. Inset in a) shows 
the optical image o f  graphene on glass substrate, lying on a yellow notepad. The area 
o f graphene is ~ 6 mm x 5 mm, as highlighted by the dotted boundary.
Investigations into using CVD grown graphene as OPV’s transparent electrode have 
been reported earlier using both bulk hetero-junction and bilayer OPV structures [26]. 
In both cases, PEDOT:PSS has been utilized as a hole transport/planarising layer [206]. 
As mentioned, one common issue is that graphene surface tends to be hydrophobic thus 
spin-coating of PEDOT-PSS on the surface faces considerable difficulty. One method 
to minimize this issue is by utilizing an ethanol/PEDOT:PSS (1:3) solution for the spin 
coating process instead of just spin-coating with the original water based PEDOT:PSS 
solution. This is illustrated by Figure 7.8b and c. Clearly, ethanol wets graphene better 
than water, reinforcing the hydrophobic nature of graphene. In relationship to the OPV 
device, PEDOT:PSS has two roles: 1) acting as a hole transport layer in general, and 2) 
PEDOT:PSS also act as a reasonable planarising material for graphene.
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Figure 7.9: (a) The J-V  characteristics o f  OPV cell fabricated using graphene as 
transparent electrode (graphene/PEDOT: PSS/P 3 HT : PCBM/BCP/Al) under dark and 
light AM  1.5 G conditions. (Inset) shows the J-V  characteristics o f  a ‘reference’ OPV  
cell o f  PEDOT: PSS/P 3HT: PCBM/BCP/Al. b) The proposed fla t band diagram fo r  the 
device incorporating graphene as an electrode, c) shows a photograph o f  the OPV 
graphene device with d) the corresponding schematic o f  the device.
Figure 7.9 shows the J-V  characteristics of the graphene electrode based OPV, with the 
inset showing the PEDOT:PSS reference. The performance parameters are summarized 
in Table 7.1. The graphene electrode based device shows 0.2% efficiency, which is 
comparable to other reported result that uses CVD grown pristine graphene on a similar
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OPV device structure[180]. It has been previously reported that PEDOT:PSS has been 
experimented as an transparent electrode in solar cell[206]. To ensure that the 
photovoltaic effect observed in the graphene OPV cell is not due to PEDOT:PSS layer 
acting as the transparent electrode in place o f graphene, another OPV cell structure is 
also fabricated: PEDOT:PSS/P3HT:PCBM/BCP/A1 on glass substrates. As seen in 
Figure 7.9 inset, there is no observable difference in the J-V  characteristics under both 
dark and light illumination, thus indicating the role o f graphene as the transparent 
electrode for the OPV. This also implies that it is unlikely the spin-coated PEDOT:PSS 
used in this study improve the conductivity o f  graphene electrode. As seen later in the 
section, the poor conductivity o f graphene is deemed to be a factor in OPV’s low  
efficiency.
Table 7.1: Comparison o f  performance between graphene based OPV against a control 
device without graphene. The area o f the OPV is 0.032 cm2. Compared to a device 
consisting o f  PEDOT and Al electrodes only, the device containing graphene electrode 
shows an improved performance.
Voc Jsc
(mA/cm2)
FF
(%)
n
(%)
Glass/Graphene/PEDOT :PSS/P3HT :PCBM/BCP/A1 0.52 1.16 31.5 0.2
Glass/PEDOT :PSS/P3HT :PCBM/BCP/A1 0.26 0.001 26.0 0.0
In comparison, using our previously reported standard ITO based P3HT:PCBM bulk 
heterojunction solar cell design [189] o f 2.5% efficient with open circuit voltage mainly 
governed by the donor acceptor energy levels ~  0.6V, and short circuit current densities 
in excess o f 6 mAcm'2. From Table 7.1, it can be seen that the short circuit current 
density is low for the device with the graphene electrode in comparison to the ITO 
based OPVs, leading to poorer efficiency.
Beside the earlier mentioned issues regarding using graphene as electrodes for OPVs, 
we can further postulate that the low conversion efficiency can be attributed to a 
number o f other reasons. The work function o f graphene (4.5 eV) [207] is lower 
compared with ITO (4.8 eV) [189], thereby affecting the built in electric field o f the
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diode, resulting in lower charge collection as well as a slightly lower open circuit 
voltage. From the J-V curves (figure 7.9a) it can be seen that the shunt resistance o f the 
device is finite (slope at JSc). One factor is that graphene has a relatively poor sheet 
resistance as compared to ITO, thus this lowers the fill factor which in-tums reduce the 
device efficiency further. Another possible factor may be a sub-optimal planarising by 
the PEDOT:PSS layer on graphene, leaving abundant leakage paths for charges during 
OPV’s operation.
7.4 Conclusion
In conclusion, the growth o f graphene on Ni using a photo-thermal CVD system (PT- 
CVD) has been demonstrated. By using PT-CVD system, the overall growth time has 
been greatly reduced compared to the standard thermal CVD growth technique while 
still maintaining a comparable quality. This is demonstrated in similar performance in 
resistance and optical transmission as compared to those reported in literature. 
Furthermore, investigations into applying the PT-CVD grown graphene film as a 
transparent electrode for OPV had found comparable performance to other reported 
pristine graphene based devices. Through this work, it is demonstrated an alternative 
CVD technology can make mass production o f graphene more attractive.
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CHAPTER 8
Conclusion and future work
Carbon allotropes consisting o f sp2 hybridization has certainly displayed some o f the 
most fascinating material properties to date. The intrinsically fast charge transport 
nature o f CNT and graphene provided new opportunity for the next generation o f high 
speed nanoelectronics. Other properties like a large surface area to volume ratio meant 
that both graphene and CNT has the potential to be designed as highly sensitive gas 
sensors capable o f a single molecule detection [130]. While the progress and 
achievements made over the past decade are great, much remains to be explored. One 
o f the limitations that prevent greater exploitation o f  graphene and CNT has been the 
ease o f producing these materials in great abundance as well as manipulation and 
process integration with current technologies to ensure a seamless transition to the next 
generation o f devices. In particular, the needs for a low temperature, fast growth o f 
these nanomaterials remain a significant challenge despite the tremendous progress 
reported in the literature. This report document the efforts to address the issue o f  
growth o f these carbon allotropes using CVD growth tools, especially in the 
exploration o f the potentials in using the photo-thermal CVD (PT-CVD) tool for 
graphene and CNT growth.
The first work to be performed was through the use o f  PT-CVD and a bimetallic 
catalyst o f Fe/Ti, it was shown that growth o f CNT can reach a rate o f approximately 
1.3 pm/min at temperatures as low as 370°C. Despite the low temperature o f  the 
growth, the CNT quality as examined using Raman spectroscopy and TEM indicated 
that they are comparable to CNT growth carried out a higher processing temperature. 
Thus this provided an avenue for the integration o f  CNT into standard CMOS process 
using a direct growth process given compatibility in the processing temperature.
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Before the attempt to use the PT-CVD system for exploring a graphene growth process, 
it was felt that it would be necessary to establish the possibility o f growing graphene 
using a standard thermal CVD process available in the present facility to gain an 
understanding to the nuances o f a graphene growth process. After demonstrating a 
graphene growth process using copper catalysts, the films were characterized. In terms 
o f applications o f the graphene film, different FET structures were explored. The first 
area o f work surrounds the studies on polymeric gate dielectric as alternative to the 
common SiCE in an attempt to explore graphene FET in the area o f organic FET due to 
its superior mobility in comparison to current organic semiconductor materials. There 
is a noted difference in the performance o f graphene FET by merely switching the gate 
dielectric from SiOi to PVP. This is because graphene is highly sensitive to charge 
impurity and surface roughness at the graphene/dielectric interface. Thus any graphene 
FET design has considered all these factors to optimize the performance.
The next area o f work surrounds a novel device structure based on the combination o f  
graphene on DEC layer using Si as a back-gate for electrical modulation. This 3 
terminal pseudo-FET exhibited saturable behaviour in the transfer characteristic ( I d s -  
Vqs curve) despite the fact that graphene is known to be a zero bandgap semiconductor 
material. The mechanism causing this may be attributed to the heterojunction DLC-Si 
structure supporting the graphene layer. The DLC-Si structure provided a mechanism to 
inject into or extract charges from the graphene layer as we swept the gate voltage o f  
this pseudo-FET device.
Finally, it was demonstrated that the PT-CVD process was able to be adopted for 
graphene growth. Due to the non thermal equilibrium o f the PT-CVD process, we can 
perform the graphene growth with three distinctive features: fast annealing, short 
duration o f hydrocarbon feedstock and fast cooling time that does not have observable 
negative impact on graphene growth when compared to a standard thermal CVD 
growth process. As part o f the investigation into the optical and electronic properties o f
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the graphene grown via this method, a demonstration o f the graphene’s quality is 
through the application o f these graphene as transparent electrodes for organic solar cell 
(OPV) purpose. Previously, standard thermal CVD grown graphene was used in bulk 
heterojunction OPV with P3HT/PCBM as the active layer. It was found that the 
graphene electrode based OPV’s performance is comparable with those reported in the 
literature.
8.1 Future work
Beyond the works documented in this report on the growth o f graphene and CNT under 
various conditions as well as explore into their applications, there are areas that one 
could engage in the future. In the area o f CNT interconnect conductors, while 
demonstration on the growth o f MWCNT at CMOS compatible processing temperature 
was achieved, the area o f low temperature growth o f SWCNT remains a challenge. It 
has been argued that ballistic transport in SWCNT would be more readily achievable 
compared to MWCNT [208], thus implying even better conductivity. Works on low  
temperature SWCNT growth using PECVD process shows promising results with 
reported growth temperature ~  450 °C [209]. The key is to use a combination o f  
suitable catalysts with the introduction o f water vapour into the process that will 
enhance the selectivity o f SWCNT growth over MWCNT and other carbon materials.
In the area o f CVD graphene growth, this work presents the investigations which 
indicated that growth at 700 °C had been realised. To further graphene’s integration 
with present microelectronic technologies, efforts should be directed at lower 
temperature growth. From published literature mentioned in previous chapters and the 
experience in the area o f low temperature CNT growth showed that certain 
combinations o f a suitable carbon feedstock with low pyrolysis, plasma energy and 
rapid non-equilibrium thermal heating can create a suitable condition for low
123
temperature growth. Thus an area to focus on is the introduction o f a DC/RF energy 
into the photo-thermal CVD process may help to promote graphene growth at low  
temperature.
Finally in the area o f CNT and graphene electrodes, an area o f interest is in the 
interfacial charge injection process between graphene/CNT with other materials. 
Organic materials are especially o f  interest given that one major area o f applications for 
graphene and CNT electrodes are in the area o f organic electronics as mentioned in this 
thesis. While there have been some reported studies [174, 210], many remains to be 
investigated on the impact o f these carbon based electrodes.
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